Northern Illinois University

Huskie Commons
Graduate Research Theses & Dissertations

Graduate Research & Artistry

2015

A multi-species approach to elucidating the ecological function of
primate geophagy
Brandon Semel

Follow this and additional works at: https://huskiecommons.lib.niu.edu/allgraduate-thesesdissertations

Recommended Citation
Semel, Brandon, "A multi-species approach to elucidating the ecological function of primate geophagy"
(2015). Graduate Research Theses & Dissertations. 421.
https://huskiecommons.lib.niu.edu/allgraduate-thesesdissertations/421

This Dissertation/Thesis is brought to you for free and open access by the Graduate Research & Artistry at Huskie
Commons. It has been accepted for inclusion in Graduate Research Theses & Dissertations by an authorized
administrator of Huskie Commons. For more information, please contact jschumacher@niu.edu.

ABSTRACT

A MULTI-SPECIES APPROACH TO ELUCIDATING THE ECOLOGICAL FUNCTION
OF PRIMATE GEOPHAGY

Brandon Semel, MA
Department of Anthropology
Northern Illinois University, 2015
Mitchell T. Irwin, Director

Geophagy, or soil consumption, is a behavior observed across a broad diversity of vertebrate
species, yet the factors driving this phenomenon remain elusive. Studies of sympatric species that exhibit
significant differences in diet can help elucidate the ecological basis of geophagy. Five distinct
hypotheses were tested using sympatric species that may best explain the benefit of soil consumption in
primates: antacid relief, plant secondary metabolite (PSM) adsorption, parasite mitigation, alleviation of
diarrhea, and nutrient supplementation. I conducted observations of diademed sifakas (Propithecus
diadema) and common brown lemurs (Eulemur fulvus) in primary rainforest habitats of Tsinjoarivo,
Madagascar. I studied animals of both sexes and multiple age classes from both species during two
seasons (June-August and October-November, 2014). I recorded the frequency of plant food and soil
consumption and collected plant materials and soil the lemurs consumed, as well as subsequent fecal
samples from study subjects. Sampling results were compared to assess whether geophagy was associated
with dietary consumption of fruit and/or fiber, and if soil played a role in the level and composition of
gastrointestinal parasites encountered. Geophagy did not appear to afford the same function for both
species at all times throughout the year. PSM neutralization, parasite mitigation, and nutrient
supplementation were the most likely non-exclusive functions. Captive colony managers would do well to

ii
provide these species, and likely others, with the opportunity to consume soil as it plays a specific
physiological function in the diet and health of primates.
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CHAPTER 1
INTRODUCTION

Geophagy, or soil consumption, has been observed across a diverse range of taxa,
including reptiles (Sokol 1971), birds (Gilardi et al. 1999), ungulates (Klaus and Schmid 1998),
and primates (Krishnamani and Mahaney 2000; Ferrari et al. 2008). Long-term studies of
habituated primates have resulted in a growing number of reports of geophagy among primates.
Fifteen years ago, 39 primate species were known to consume soil (Krishnamani and Mahaney
2000). Currently, 71 species of non-human primates are known to do so (Rowe and Myers 2015).
Primates must descend to the forest floor to access soils (Krishnamani and Mahaney 2000),
though some take advantage of arboreal termite nests, or termitaria, found on tree trunks and
branches (Setz et al. 1999). Descent to the ground limits escape options for arboreal primates,
making them vulnerable to attack by terrestrial predators. This willingness of primates to risk
foraging on the ground suggests that they have a strong physiological motivation to engage in
geophagy (Link et al. 2011).
Krishnamani and Mahaney’s (2000) seminal review on primate geophagy showed that
obligate folivores were most likely to consume soils (28.2% of 39 taxa that consumed soil),
followed closely by frugivores/omnivores (25.6%). Obligate frugivores constituted 20.5% of
taxa and folivores/frugivores represented an additional 17.9%. Only 7.7% are
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frugivores/insectivores. Limited evidence exists among insectivorous primates where geophagy
may simply be incidental to arthropod predation and consumption (Ferrari et al. 2008). No
mammalian carnivores are known to consume soil (Klaus and Schmid 1998). While this
exception suggests that geophagy is linked to herbivory, the ecological function of this behavior
remains elusive.
Hypotheses to explain geophagy fall into two broad categories: the alleviation of
gastrointestinal distress and dietary supplementation (Krishnamani and Mahaney 2000).
Gastrointestinal distress may be related to high stomach acidity, plant chemical defenses (plant
secondary metabolites or PSMs), enteric parasites, and diarrhea. Dietary supplementation
hypotheses propose that animals engage in geophagy in order to obtain minerals such as calcium,
iron, and sodium that are essential for growth, muscle contraction, proper immune function, and
many other regulatory functions (Krishnamani and Mahaney 2000; National Research Council
2003). Because the physiological basis appears so disparate, animals of each sex, age class, and
life history stage are expected to vary in their frequency of consumption and total consumption
of soils.

1. Antacid Function

Soils may act as a buffer against acid buildup in the gut. This is especially important for
folivores whose digestive systems are adapted for high fiber diets. Fiber consists of large
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molecules, including hemicellulose, cellulose, and lignin that block nutrient absorption and are
difficult-to-digest (Wallis et al. 2012). Primates can produce the enzyme hemicellulase to break
down hemicellulose into digestible molecules, but they cannot produce cellulase. They rely on
microbes in their gut, including bacteria, protozoa, and fungi, to produce cellulase to break
cellulose into smaller, energy providing short-chain fatty acids (SCFAs) that can pass through
the gut membrane (Lambert 1998). This process, known as fermentation, leads to increased gut
acidity (Bauchop and Martucci 1968; Kay and Davies 1994). However, the microbes function
best in an alkaline environment, requiring the host animal to maintain a low gut pH (Lambert
1998).
Primates evolved different strategies to promote healthy and diverse microbial
communities. Colobines have a ruminant-like forestomach with a pH ranging from 5.5 to 7
(Chivers 1994; Kay and Davies, 1994). Most other primates maintain microbial colonies in the
large intestine and are known as “hindgut” or caecocolic fermenters (Lambert 1998). These
species may also extend their gut transit time to improve digestion during periods of increased
fiber intake (Prins 1977; Lambert 2002). Indriids, the most folivorous of the lemurs, take hindgut
digestion to an extreme, having evolved an enlarged cecum to increase their fiber fermentation
capacity (Campbell 2000; Campbell et al. 2004).
Over-consumption of fiber or ripe, acidic fruits is known to overwhelm the buffering
capacity of the colobine forestomach, resulting in the potentially fatal condition known as
acidosis (Kay and Davies 1994; Krishnamani and Mahaney 2000; Lambert 2011). Other
primates may suffer discomfort due to acid build up, though reports of fatalities are lacking.

4
Clays are natural buffers and may be consumed to neutralize stomach pH (Oates 1978; Davies
and Baillie 1988). Only one study has suggested that the antacid properties of consumed soils is
the motivation for geophagy in non-colobines, but they did not rule out the soil’s potential to
adsorb toxins or supplement mineral deficiencies (Bolton et al. 1998). However, soils may not be
effective in pH buffering for hindgut fermenters because the site of fermentation is distal to the
highly acidic stomach (J. Campbell, pers. comm.).

2. Plant Secondary Metabolite (PSM) Neutralization

Plants produce two classes of secondary metabolites to discourage herbivory in addition
to their tough, physical defenses: digestion inhibitors and toxins. These “secondary metabolites”
are so named because they do not serve primary metabolic processes such as growth and
reproduction (Freeland and Janzen 1974; Lambert 1998). Digestion inhibitors (e.g. tannins) bind
to proteins, forming indigestible aggregates that are not easily absorbed by consumers (Freeland
and Janzen 1974; Felton et al. 2009). High tannin concentrations in foods can negatively impact
reproductive success in mammals (DeGabriel et al. 2009). Toxins (e.g. alkaloids) adversely
affect herbivore physiology through absorption across the gut membrane, impeding normal cell
function (Freeland and Janzen 1974; Marsh et al. 2006; Lambert 2011).
PSMs provide an active defense for leaves, unripe fruits, and seeds, which are crucial to
plant growth and reproduction. Ripe fruits typically contain low concentrations of PSMs. Once
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ripe, a fruit’s primary function is to encourage seed consumption (but not predation) by mobile
animals that disperse the seeds via defecation (Feeny 1992). To counter the effects of PSMs,
folivorous primates must modify the inhibitors and toxins ingested, arrest feeding long enough to
allow detoxification by enzymes in the gut or liver, or dilute specific PSMs through diet mixing
(Freeland and Janzen 1974; Marsh et al. 2006).
Soils may provide another alternative for coping with PSMs. Despite the different
mechanisms by which they impact herbivores, many studies suggest that clays have the capacity
to adsorb both plant tannins and toxins (Davies and Baillie 1988; Bolton et al. 1998; Setz et al.
1999; Young et al. 2011). However, a soil’s affinity to bind to a tannin verses a toxin may vary
(Wakibara et al. 2001). The ability of a soil to bind to either compound is determined by the
structure of the clay minerals it contains (Setz et al. 1999).
Experiments conducted in vivo by Gilardi et al. (1999) demonstrated that soils consumed
by parrots significantly reduced the bioavailability of alkaloids in the seeds that they consumed.
While soils did show a high affinity to bind to alkaloids in food items consumed by Japanese
macaques (Macaca f. fuscata), their diet consisted primarily of non-toxic, provisioned foods.
This suggests that detoxification likely contributed to, but was not the leading factor driving
geophagy (Wakibara et al. 2001). Red-handed howler monkeys (Alouatta belzebul) consumed
soil from termitaria only during dry season months, when leaf consumption was at its highest (de
Souza et al. 2002). Seasonal shifts in fruit availability may force frugivores to include more
leaves in their diet (Hemingway and Bynum 2005), leading to highly seasonal bouts of
geophagy. More studies are needed that test the adsorptive properties of soils directly.
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3. Parasite Reduction

Primates are host to over 400 species of parasites (Nunn and Altizer 2005). Geophagy
may mitigate the effects of internal parasites through direct adsorption and excretion of parasites
via clays (Said et al. 1980; Young et al. 2011). Clays may also line the mucous membrane of the
intestinal tract to form a protective barrier against parasites (Swinyard 1965 in Vermeer and
Ferrell 1985; Young et al. 2011). Some chimpanzees consume clays after ingesting specific plant
species, such as the leaves of Trichilia rubescens. Experiments demonstrated that soils consumed
enhanced the anti-malarial properties of these plants (Klein et al. 2008).

4. Diarrhea Alleviation

Primates may experience diarrhea in response to PSMs and parasitic or bacterial
infections. Rather than treat these ailments at their source, the absorbent properties of clays can
act to consolidate loose stools (Mahaney et al. 1995; Voros et al. 2001). Kaolin, a clay
commonly found in consumed soils (Krishnamani and Mahaney 2000), resembles the western
anti-diarrheal medicine, KaopectateTM (Voros et al. 2001). Alternatively, smectite, another
mineral in some clays, swells when wet, potentially alleviating extreme diarrhea (Mahaney et al.
1995).
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Bonnet macaques (Macaca radiata) must feed on the fruits of Azadirachta indica, a
natural laxative, during periods of food scarcity (Shaankar et al. 1997; Voros et al. 2001).
Mountain gorillas (Gorilla g. beringei) also experience seasonal diarrhea due to seasonal shifts in
their diet. Bamboo shoots (Arundinaria alpine) may comprise more than 90% of their otherwise
frugivorous diet during the dry season. The bamboos’ cyanogenic properties lead to seasonal
bouts of diarrhea (Mahaney et al. 1995). More frugivorous western gorillas (Gorilla g. gorilla),
with a nearly identical gastrointestinal tract, experience no significant seasonal shift in diet,
diarrhea, or soil consumption (Rogers et al. 1990). For both bonnet macaques and mountain
gorillas, the consumption frequency of clay-rich soils increases during periods of preferred food
scarcity.

5. Mineral Supplementation

Little is known about primate mineral requirements or their abundance in dietary foods
(Rode et al. 2003). The National Research Council Committee on Animal Nutrition’s review of
general primate mineral requirements listed calcium, phosphorus, magnesium, potassium,
sodium, chlorine, and sulfur as essential macrominerals (National Research Council 2003).
Elements such as iron, copper, manganese, zinc, iodine, selenium, chromium, and cobalt are only
required in trace amounts. Other trace minerals may also be required. Data on the specific
mineral requirements for primates are limited, especially at the species level (Krishnamani and
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Mahaney 2000; National Research Council 2003). Individuals experience variable mineral
requirements based on their sex (Buss and Cooper 1970), age, life history (Black and Lane
2002), and reproductive success (Power et al. 1999). Generally, lactating females experience
significant bone turnover and reduction in bone mass during lactation. These changes reflect the
high calcium demands for infant bone growth (Lees et al. 1998), making both lactating females
and infants vulnerable to calcium deficiencies. Rodent models suggest that zinc and copper
deficiencies in pregnant females leads to poor infant development, birth defects, a compromised
immune system, and even death (Keen et al. 2003).
Leaves are thought to contain the highest mineral concentrations, followed by bark and
fruit (Milton 1999). Primates supplement minerals from numerous aberrant food sources
including wood (Chaves et al. 2011), bark, petioles, caterpillars (Rode et al. 2003), and soil
(Oates 1978; Mahaney et al. 1990; Heymann and Hartmann 1991; Dib et al. 2001). Mineral
supplementation is the most cited hypothesis for geophagy among primates (Krishnamani and
Mahaney 2000). However, Young et al. (2011) questioned the ability of primates to effectively
absorb minerals from soil.
Habitat disturbance may also impact mineral availability as the removal of vegetation
expedites the leaching of minerals from soil, especially in wet environments (Hilton 1987; Irwin
et al. 2010). An evaluation of the effects of habitat disturbance on geophagy is beyond the scope
of this study but should be explored further.
Little is known about the effects of PSMs on primate feeding ecology and nutrition
(Marsh et al. 2006) and the day-to-day impacts of parasitism on primate health are not well
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understood (Nunn and Altizer 2005). In addition, primate mineral requirements remain largely
understudied (Rode et al. 2003). These limitations challenge attempts to understand geophagy in
an ecological context.

Study Goals

The goal of this project is to determine which ecological pressures have led two
sympatric primate species to engage in geophagy: the common brown lemur (Eulemur fulvus), a
predominantly frugivorous lemur (Ratsirarson and Ranaivonasy 2002; Overdorff and Johnson
2003), and the diademed sifaka (Propithecus diadema), a frugivorous-folivore (Irwin 2008a).
Common brown lemurs (E. fulvus) are a medium-sized species of lemur (1.7-2.1 kg, overall
length 84-101 cm; Mittermeier et al. 2010). Few studies have been conducted on eastern
populations of E. fulvus. Their diet consists predominantly of fruits (60%), young leaves, and
flowers (Ratsirarson and Ranaivonasy 2002). There is considerable seasonal variation in feeding
habits with leaves constituting a larger portion of the diet when fruits are unavailable
(Rasmussen 1999; Overdorff and Johnson 2003). Diademed sifaka (P. diadema) are one of the
largest lemurs, weighing 6.0-8.5 kg and having an overall length of 94-105 cm (Powzyk 1998).
Leaves comprise most of the diet (53.1%), with fruits, seeds, buds, and flowers representing the
remainder (Irwin 2008a). However, there is considerable seasonal variation in feeding habits,
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with leaves forming as little as 20% of the overall diet to as much as 90% of the diet, depending
on the seasonal availability of fruits, their preferred food item (Irwin 2008a).
This paper will simultaneously address all five hypotheses proposed to explain the
function of geophagy in primate diets using data collected on two primate species filling separate
ecological niches. The ability to monitor habituated primates of both species on a daily basis will
permit an examination of how plant chemicals and properties, parasite loads, and mineral
availability affect the need of individual animals to consume soils. Specific hypotheses and
predictions are outlined in the next chapter.

CHAPTER 2
HYPOTHESES AND PREDICTIONS

H1: Lemurs consume soil because it neutralizes elevated gut acidity.
P1: Animals will consume soil when their diets are high in fruits.
P2: Soil consumption will occur within biologically relevant time periods (hours) after
increased time spent feeding on foods high in fiber.
P3: Consumed soil will be high in clay and have a high pH.
P4: Adults and juveniles of both sexes will consume soil.
H2a: Lemurs consume soil because it neutralizes PSMs, especially tannins.
P1: Animals will consume soil when their diets are high in leaves.
P2: Soil consumption will occur within biologically relevant time periods (hours) after
increased time spent feeding on foods high in tannins.
P3: Consumed soil will be high in clay.
P4: Adults and juveniles of both sexes will consume soil.

12
H2b: Lemurs consume soil because it neutralizes PSMs, especially toxins.
P1: Animals will consume soil when their diets are high in seeds.
P2: Soil consumption will occur within biologically relevant time periods (hours) after
increased time spent feeding on foods high in toxins.
P3: Consumed soil will be high in clay.
P4: Adults and juveniles of both sexes will consume soil.
H3: Lemurs consume soil because it mitigates the negative effects of parasites.
P1: Animals that consume soil will have high parasite loads.
P2: Consumed soil will be high in clay.
P3: Older and sick animals will consume more soil.
H4: Lemurs consume soil because it alleviates the frequency and/or intensity of diarrhea.
P1: Animals that consume soil will have frequent diarrhea.
P2: Consumed soil will be high in clay.
P3: Animals may consume soil after consuming foods high in tannins or toxins, or if they
have high parasite loads.
H5: Lemurs consume soil to supplement their mineral needs not met by other items in their
diet.
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P1: Consumed soil will be high in minerals and other food items will be lower in
minerals.
P2: Pregnant and lactating females, as well as juveniles, will consume soil more
frequently than males and non-pregnant and non-lactating females.

CHAPTER 3
METHODS

Study Site

Tsinjoarivo is located on Madagascar’s eastern massif (Fig. 1). Mid-altitude rainforest
surrounds the site, ranging in elevation from 1,400 to 1,650 m, and forms a semi-continuous
forest corridor that stretches between Mantadia National Park to the north and Ranomafana
National Park to the south. A rapid drop in elevation from 1,400 m to 800 m coincides with an
abrupt limit of undisturbed forest on the site’s eastern margin. Forest fragmentation is prevalent
on the site’s western margin and quickly transitions to the expansive grasslands of Madagascar’s
central plateau. This study was conducted at the previously established Ankadivory field camp
(19°42.55’S, 47°49.17’E, 1471 m asl) in the eastern, continuous forest.
Distinct wet and dry seasons exist between December and March, and April and
November, respectively (Irwin 2006). Total yearly rainfall is 2,610 mm. Of this, 1,604 mm falls
during the wet season. Temperatures are highest (average 17-18°C) from October to April and
are lowest (average 11–16°C) from April to August (Irwin et al. 2014).
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Fig. 1. The extent of Madagascar’s remaining rainforests (left frame) includes P. diadema study
groups at Tsinjoarivo (right frame). FRAG indicates fragmented forest groups. CONT indicates
continuous forest groups. One group of E. fulvus was selected for study within the CONT 4/5
area. Both study groups were selected from areas of similar habitat disturbance.

Geologically, the site lies overtop gneiss and migmatite. Both of these are igneous in
origin and date back to the Precambrian. Granite intrusions are frequently observed (Johnson
2002). In the nearby Ranomafana National Park, oxisol is the dominant soil order in the area,
though entisols are also present. Kaolinite appears to be the dominant clay mineral (Johnson
2002). Soil pH values in the area range from 4-5. Nutrients are largely absent from most soil
(Johnson 2002). These values serve as rough predictors as geological and pedological data are
largely absent for the area around Tsinjoarivo.
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Study Subjects

The E. fulvus focal group was habituated between 28 May and 8 June 2014. The home
range of this group overlapped with that of the P. diadema group. Individuals were reliably
identified based on overall pelage color, facemask, hands, and feet, body size and proportions,
and scars (Williamson and Feistner 2003). Focal P. diadema were habituated and marked with
individual collars beginning in 2002 (Irwin 2008b). Group composition by sex and age class is
listed in Table 1.

Table 1
Age and sex class of study animals.

E. fulvus
P. diadema

Group
Name

Adult
Females

Adult Males

Sub-Adults

Juveniles

ANKA1

2

2

2 (1 male, 1
unknown*)

1

ANKA1
(=CONT4)

2**

3

1 (male)

2

* This individual did not consistently remain with the group.
** Only one adult female was observed October-November. The body of the missing animal was found on 3
November 2014.
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Observational Data Collection

A trained volunteer and the author each led a team of local guides to conduct daily, focal
animal follows (Altmann 1974) on E. fulvus from 9 June to 2 August 2014 and on P. diadema
from 2 June to 2 August 2014. The volunteer led follows on E. fulvus from 16 October to 27
October 2014 and on P. diadema from 29 October to 8 November 2014. Instantaneous
behavioral samples of the focal animal were taken every five minutes during the daily follow.
The same focal animal was observed six days in a row, followed by one day of rest to allow for
sequential feeding analyses. Focal animals were selected by stratified random sampling to ensure
equal data collection on adult males, adult females, and juveniles for each species. Data on
multiple focal animals were collected in parallel in both June-August (two P. diadema
individuals over three days) and in October-November (two-three P. diadema over ten days and
three E. fulvus over nine days). All data for each day and individual were still treated as
independent samples, including geophagy bouts.
Feeding data were collected using continuous sampling. We recorded: 1) feeding bout
start and stop times to the nearest second, 2) item consumed, 3) species consumed (if applicable),
and 4) vertical feeding height. Feeding bouts began when a food item entered an animal’s mouth
and terminated when: 1) the animal stopped eating for more than ten seconds, 2) the animal
began feeding on a new food item (e.g. plant part, species, etc.), 3) the animal moved to a new
feeding site (individual plant) regardless of whether or not the type of item had changed, or 4)
the animal moved on to a new activity (e.g. grooming, traveling, etc.). Plant parts included buds
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(BD), flowers (FL), gums (GUM), leaf petioles (PT), ripe and unripe fruits without seeds (RF
and URF), ripe and unripe fruits with seeds (RFSD and URFSD), fruits of unspecified ripeness
and seeds (FSD), seeds (SD), stems (STM), and young and mature leaves (YL and ML).
Eulemur fulvus exhibited a cathemeral activity pattern. Therefore, the animals were
followed until midnight (on average). The search for the animals within their known home range
commenced the next day at sunrise. Follows of P. diadema began where they woke up in the
morning and ended where they went to sleep each day.

Plant, Soil, and Fecal Sample Collection

Samples of the five most-often consumed items were collected as close as possible to
where the animals were observed feeding. We used a poleaxe (8 m) to obtain samples from the
canopy. Samples that remained out of reach were collected opportunistically from the forest floor
immediately after being dislodged from the trees by foraging animals. After morning collections,
samples were brought to a forest clearing for drying. A drying tent was erected in direct sunlight
to increase temperature inside while keeping the samples out of direct sunlight, thereby
preventing the breakdown of tannins. Foods were processed so that only the parts of the plant
parts actually consumed by the animals (e.g. leaf petiole) was retained. Each part was finely
sliced, placed on trays with desiccants (silica gel in mesh bags), and allowed to dry as long as
possible; a food desiccator was used for selected samples (especially fruits and seeds) to
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accelerate drying. Prior to leaving the field, samples were placed in Ziploc bags and remained in
the dark until they were exported for lab analysis (Rothman et al. 2012).
Geophagy sites were marked using a GPS unit. About 80 g of soil were collected after
each geophagy event from the exact location the animal was observed feeding. Samples from
each site were taken only from the horizon consumed by the animals, air dried, and stored in
plastic Ziploc bags following the methods of Mahaney and Krishnamani (2003).
All-occurrence sampling of defecation events were recorded (Altmann 1974). The
consistency of passed stool was rated on a four point scale: 1 = loose/watery, 2 = loose/lumpy, 3
= hard/clumped, 4 = hard/fragmented. One sample was collected opportunistically each day from
the focal animal and was stored in a tube containing 10% buffered formalin to preserve
helminths (Gillespie 2006). Tubes were marked with the date and time of collection, identity of
the animal, GPS coordinates, collector’s initials, and consistency rating. All samples were kept
sealed in a secure location at camp.

Lab Analyses

Nutritional analyses were conducted at Dairy One Nutritional Forage Laboratory (Ithaca,
NY) as outlined in Rothman et al. (2012). The five most commonly consumed food items by
each lemur species during each study period were sampled. Samples were milled to a uniform
particle size using a Wiley® mill fitted with a 1-mm screen. Crude protein (CP) was determined
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using a Leco FP-528 nitrogen/protein analyzer. Acid Detergent Insoluble Crude Protein
(ADICP), or the protein fraction bound to the fiber, was determined using acid detergent fiber
(ADF) or neutral detergent fiber (NDF) residue analyzed using a Leco TruMac N Macro
Determinator. Available protein (AP) was calculated as: AP = CP – ADICP. Adjusted crude
protein accounts for protein made unavailable by heating and was calculated as: adjusted CP =
CP – unavailable protein + 1%. Three fiber fractions were measured via sequential digestion in
NDF, ADF, and sulfuric acid solutions, respectively, in an ANKOM A200 Digestion Unit: NDF,
ADF, and acid determined lignin (ADL) were determined. Crude fat was determined via
gravimetric analysis of dried the dried ether extract. Water-soluble carbohydrates (WSC) were
determined using a Thermo Scientific Genesys 10S Spectrophotometer after samples were
soaked in water and underwent acid hydrolyses with sulfuric acid and colorimetric reaction with
potassium ferricyanide. Ash was determined by ignition at 600°C for two hours (AOAC Method
942.05). Atomic adsorption spectroscopy was used to determine the mineral contents of the
ashed samples (Rothman et al. 2012).
Soil particle size was determined by dry sieving and pipetting (Kilmer and Alexander
1949). Soil pH was determined on a 1:1 soil:water slurry after 60 min using an Oakton 510 series
pH meter. Total carbon and total nitrogen content (C:N) were determined with an automated dry
combustion instrument (Elementar vario MAX instrument) using the methodology described by
Soil Survey Staff (2004). Heavy element composition (atomic number > 13) was determined
using an InnovX Delta Premium Haldheld X-ray fluorescence (XRF) analyzer. Percent Ca, P,
Mg, K, and Na and parts per million (PPM) of Fe, Zn, Cu, and Mn were determined using atomic
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adsorption spectroscopy (see above Dairy One) to permit elemental comparisons between soil
and foliage.
Relative tannin concentrations of food samples were tested using an acid-butanol assay
(Waterman and Mole 1994). Ground plant materials were dissolved in a 70:30 acetone:water
solution. Mixtures were sonicated in ice water, centrifuged in a refrigerator, and the extract was
poured into a separate tube. This was repeated four times. De-ionized water was added to the
final extract and rotoevaporated under reduced pressure. Extracts were then boiled with a 95%
butanol:5% HCl solution. The remaining sample was separated into triplicate and absorbance
values were read using a SpectraMax M Series Microplate Reader. Because there was not
enough plant material to construct a standard curve to determine condensed tannin weights,
absorbance values were converted to a five-point tannin index (1 = low tannin concentration, 5 =
high tannin concentration; Table 2).

Table 2
Conversion scale from absorbance values to tannin index values.
Index Value
Absorbance (nm)

1
0.0-0.7

2
0.7-1.4

3
1.4-2.1

4
2.1-2.8

5
2.8-3.5

The relative concentrations of toxins present in food items were assessed using the Brine
Shrimp Bioassay method (Meyer et al. 1982). Extracts from the five most common food items
per species per season were analyzed. Three doses (10 µg/mL, 100 µg/mL, and 1000 µg/mL) of
each extract were prepared in 2-dram vials for each sample by drying a methanol and ground
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sample slurry in vacuo on 1-5 discs (1.5 cm diameter) of Whatman No. 3 filter paper. Multiple
discs (up to five) were used to ensure complete absorbance. Controls for each dose were also
prepared using only methanol. All dose levels were prepared in triplicate. Five mL of seawater
were added to each vial along with 10 brine shrimp nauplii (larval stage). Live and dead shrimp
were counted after 24 and 48 h. Counts after 48 h proved most useful and are presented. Median
lethal concentrations (LC50) were calculated using the Logit analysis function in SPSS (version
22). Concentrations were log10 transformed and used as the covariate. Control mortality (12.3%)
was corrected using a natural response rate value of 0.123. Values were converted to a five-point
toxicity index (1 = low toxicity, 5 = high toxicity; Table 3). Because LC50 values greater than
1000 µg/mL were calculated using significant extrapolations from test concentrations (10
µg/mL, 100 µg/mL, and 1000 µg/mL), calculated “exact” values are not reported.

Table 3
Conversion scale from LC50 values to toxin index values.
Index Value
LC50 (µg/mL)

1
>1000

2
1000-750

3
750-500

4
500-250

5
250-0

Diet windows were constructed to model the accumulation of plant material, tannins, and
toxins in the digestive system over time with and without the influence of soil. Fifty percent
gastric emptying and 50% oro-rectal transit times were used for E. fulvus and Propithecus
verreauxi, a species closely related to P. diadema (Campbell et al. 2004). Sample windows were
one and six hours long for E. fulvus and 12 and 30 hours long for P. diadema, representing the
time required for the maximum accumulation of materials in the stomach and across other
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regions of the gut, respectively. Plant part accumulation was calculated as the percent feeding
time per plant part over the entire sample window. Average tannin and toxin indices were also
calculated for each sample window. Values of plant parts for which tannin and toxin indices
were not directly measured were approximated using the average index value for each measured
plant part. Raw values were not used because high LC50 values (based on significant
extrapolation) heavily skewed the averages. Constant passage rates were assumed for all food
items. Time windows marked by soil consumption for each duration period (i.e. one and six
hours for E. fulvus and 12 and 30 hours for P. diadema) were calculated counting back from
when the focal animal consumed soil (henceforth, “before soil” windows). Time windows
representing the average of all feeding efforts regardless of soil intake were also created such
that, for each focal animal, when one window ended the next began (henceforth, “all feeding”
windows).
Fecal samples were analyzed using sedimentation as described in Gillespie (2006).
Propithecus diadema fecal material was weighed (~0.3 g) prior to sedimentation using a
centrifuge (2,500 rpm for 10 min). Eulemur fulvus fecal material was largely suspended within
the formalin. The whole sample was filtered through cheesecloth and the debris were weighed
(mostly seeds and undigested fruit pulp). The sample was centrifuged, the supernatant decanted,
and the remaining pellet weighed and then diluted with formalin. Sediments were placed on a
slide using a micropipette and scanned using a x20 objective lens to scan for, identify, count, and
measure parasite eggs, cysts, and larvae. Photos were taken of representative samples. The
entirety of each P. diadema sample was analyzed (4-9 slides per sample). Five slides were
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analyzed for each E. fulvus sample and the remaining sample was centrifuged and the remaining
pellet weighed. Egg and larval densities were then calculated for each parasite species.

Statistical Analyses

Mann-Whitney U-tests were used often for direct species comparisons due to unequal
sample sizes or lack of normality. Two-tailed tests were used throughout because directionality
was often difficult to predict and to ensure more rigorous statistical results. Overlap of plant parts
and taxa consumed by the same species during different study periods and by different species
during the same study periods were calculated using Schoener’s Index (Schoener 1970; 0
indicates no overlap, 1 indicates complete overlap). Dietary diversity across seasons and between
species was determined using Simpson’s (1949) diversity index. An exact binomial test was used
to determine if soil consumption occurred equally in morning and afternoon hours. KruskalWallis tests were used to examine differences among plant parts in macronutrients, and among
plant parts and soil in micronutrients because of small sample size. Dunn’s multiple comparison
(MC) post-hoc tests were also used. Bootstrapped samples were used to compare intakes for “all
feeding” and “before soil” windows. Data were randomly sampled with replacement 10,000
times using R statistical software to create bootstrapped samples based on the original sample
data. Two-tailed Welch’s t-tests were used to compare bootstrapped samples for “all feeding”
windows to “before soil” windows. Original sample sizes (N) from which the bootstraps were
generated are listed where appropriate. A Spearman’s rho test was used to test for a correlation
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between tannins and toxins in food items. The effects of age/sex class and season on parasite
densities were compared using two-way ANOVAs. Post-hoc tests were conducted using Tukey’s
HSD tests. All analyses were conducted in SPSS version 22 (except for those associated with
time windows). Alpha was the same for all tests (α = 0.05).

CHAPTER 4
RESULTS

Observations

Eulemur fulvus were observed for 573 hours during June-August and for 417 hours
during October-November. Propithecus diadema were observed for 338.83 hours during JuneAugust and for 247.25 hours during October-November. Continuous feeding data represent a
subset of the total observation hours. Variation in the duration of night follows of E. fulvus and
frequent P. diadema group fissions made it difficult to obtain equal sample sizes across adult
males, adult females, and juveniles across both study periods for both species (Table 4).
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Table 4
The total number of observation hours and hours of continuous feeding data collected for E.
fulvus and P. diadema. Hours of observations for adult males, adult females, and juveniles during
both study periods were not equal.

E. fulvus
AM
AF
JUV
P. diadema
AM
AF
JUV

June-August
Total Hours
Hours of
Observed
Feeding Data
573.00
163.47
233.33
50.14
189.75
69.45
149.92
43.89
417.00
121.57
172.00
51.23
140.25
35.72
104.75
34.62

October-November
Total Hours
Hours of
Observed
Feeding Data
338.83
50.25
96.83
13.32
119.00
17.58
123.00
19.37
247.25
91.08
43.92
14.01
106.17
34.84
97.17
42.23

Geophagy

Soil consumption was observed in both species during both study periods (Table 5). All
focal animals consumed soil at least once throughout the study except for one adult male and one
adult female E. fulvus, both of which were only followed in June-August, when E. fulvus soil
consumption was uncommon. Consumed soils were always found at the base of exposed tree
roots. Typically, roots were exposed due to a tree fall, although on one occasion E. fulvus
consumed exposed, loose soils under the roots of a tree growing out of a steep embankment.
Neither species appeared to diverge from normal travel routes to locate soil sites. Rather, one to
several group members appeared to stop at sites opportunistically as the rest of the group
members either idled in the trees above or continued to move through the forest.
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Table 5
Soil consumption rates were calculated both by the percentage of feeding time spent consuming
soil and by the number of unique observations (or bouts). Values are provided independently for
adult males (AM), adult females (AF), and juveniles (JUV) for each species. Note small sample
sizes.
June-August

E. fulvus
AM
AF
JUV
P. diadema
AM
AF
JUV

%
Feeding
Time
0.01%
0.00%
0.01%
0.04%
0.12%
0.12%
0.07%
0.17%

October-November

Number of
Frequency
Observations (bouts/day)
2
0
1
1
11
5
2
4

0.05
0.00
0.06
0.13
0.21
0.25
0.10
0.33

%
Feeding
Time
0.13%
0.13%
0.14%
0.11%
0.15%
0.03%
0.18%
0.18%

Number of
Frequency
Observations (bouts/day)
5
2
2
1
9
1
4
4

0.18
0.22
0.20
0.11
0.36
0.20
0.40
0.40

Targeted soils were orange in color. Leaf litter and the thin layer of dark, organic material
under the leaf litter were not consumed. Termitaria also were not consumed. Animals collected
the soil directly with their mouths, neither using their hands to clear away debris or to raise the
soil to their mouths. While mass consumed was not directly quantified, the short bout duration,
method of ingestion, and teeth marks suggest that no more than five grams of soil were
consumed during any given bout.
Both species showed an increase in the frequency of soil consumption from the JuneAugust period to the October-November period, though the increase in soil consumption by
percent of the total feeding time was not significant for E. fulvus (x̄ 1 = 0.01%, x̄ 2 = 0.13%; MannWhitney U = 471.5, n1 = 39, n2 = 28, P = 0.074) or for P. diadema (x̄ 1 = 0.12%, x̄ 2 = 0.15%;
Mann-Whitney U = 498, n1 = 50, n2 = 25, P = 0.350). Overall, P. diadema spent a significantly
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higher percent feeding time consuming soil than E. fulvus (Mann-Whitney U = 2157, n1 = 75, n2
= 67, P = 0.031). Bouts lasted from 7 - 98 sec. The average bout length for E. fulvus was 42.9 sec
(n = 7) and 50.9 sec (n = 20) for P. diadema. Bout lengths did not differ significantly between
species (Mann-Whitney U = 60.5, n1 = 20, n2 = 7, P = 0.617). Propithecus diadema engaged in
geophagy bouts more frequently than E. fulvus both overall and within study periods. Bout
frequency increased from June-August to October-November by 1200% for E. fulvus and by
25% for P. diadema. Sample sizes of different sexes and age classes for each species were small,
making statistical comparisons between these categories difficult.
Geophagy events were divided into those occurring in the morning (8h00 - 12h00) and
afternoon (12h00 - 15h00) to assess temporal patterns. Most E. fulvus bouts occurred in the
morning (71%) while most P. diadema bouts occurred in the afternoon (70%; Fig. 2). However,
these values were not significant for E. fulvus (exact binomial, P = 0.453) or for P. diadema
(exact binomial, P = 0.116). E. fulvus were never observed consuming soil at night.
Soil samples from two sites visited by P. diadema and two sites visited by E. fulvus were
collected. Particle size is expressed as the percent sand, silt, and clay fractions. Consumed soils
were comprised largely of sand, though one sample did contain a high percentage of clay (Table
6). Selected soils have similar sand-silt-clay fractions, pH, and organic matter composition
between species.
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Fig. 2. The number of soil consumption events observed within each hour of the day for each
species.

Table 6
Particle size, pH, and organic matter composition for two soil samples consumed by two E.
fulvus and P. diadema.
Consumer
E. fulvus 1
E. fulvus 2
P. diadema 1
P. diadema 2

% Sand

% Silt

% Clay

Soil Class

pH

%C

%N

C:N

67.4
67.2
43.5
73.7

14.9
11.2
13.6
14.9

17.7
21.6
42.9
11.4

sandy loam
sandy clay loam
clay
sandy loam

3.1
3.2
2.8
3.3

2.18
3.66
2.40
2.76

0.16
0.20
0.17
0.21

13.41
17.92
14.48
13.16

Diet

Fruits, including fruit pulp by itself and items where both fruit pulp and seed were
consumed together, dominated the E. fulvus diet (June-August, 73.17% of feeding time; October-
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November, 66.57% of feeding time; Fig. 3). Young and mature leaves comprised most of the diet
for P. diadema during both study periods (June-August, 69.53%; October-November, 68.01%).
Overall, P. diadema consumed significantly more leaves than E. fulvus (Mann-Whitney U = 66,
n1 = 75, n2 = 67, P < 0.001) while E. fulvus consumed significantly more fruits than P. diadema
(Mann-Whitney U = 12, n1 = 75, n2 = 67, P < 0.001). Propithecus diadema consumed
significantly more fruits (Mann-Whitney U = 171, n1 = 25, n2 = 50, P < 0.001) and seeds (MannWhitney U = 80, n1 = 25, n2 = 50, P < 0.001) during October-November (fruits, 15.22%; seeds,
12.75%) than during June-August (fruits, 4.37%; seeds, 0.06%). Eulemur fulvus consumed
significantly more leaves during October-November (24.60%) than during June-August (5.88%;
Mann-Whitney U = 145, n1 = 28, n2 = 39, P < 0.001). Bud and flower consumption was not
significantly different between species (Mann-Whitney U = 2274.5, n1 = 75, n2 = 67, P > 0.05).
Bud and flower consumption decreased significantly from the June-August to OctoberNovember study periods for both P. diadema (x̄ 1 = 25.83%, x̄ 2 = 3.87%; Mann-Whitney U = 430,
n1 = 50, n2 = 25, P = 0.027) and E. fulvus (x̄ 1 = 20.75%, x̄ 2 = 7.10%; Mann-Whitney U = 337, n1
= 39, n2 = 28, P = 0.006).
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Fig 3. Variability in plant parts consumed for E. fulvus and P. diadema during both the JuneAugust and October-November study periods. Percent of diet was calculated from seconds of
time spent feeding. SD = seeds, FRUITS = ripe and unripe fruits and those with or without seeds
that were likely digested, YL/ML = young and mature leaves, BD/FL = buds and flowers.

Dietary overlap of plant parts using Schoener’s Index (Schoener 1970) was low overall
between the two species (0.227), especially during the June-August study period alone (0.111).
Overlap was higher between the two species during October-November (0.411). Within species,
E. fulvus had moderate dietary overlap between the June-August and October-November study
periods (0.556). Propithecus diadema exhibited high dietary overlap between the two periods
(0.722; Table 7).
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Table 7
Dietary overlap for plant parts consumed was assessed using Schoener’s Index (0 is no overlap
and 1 is complete overlap). Plant parts included buds (BD), flowers (FL), ripe and unripe fruits
(RF and URF), ripe and unripe fruits and seeds (RFSD and URFSD), and young and mature
leaves (YL and ML). Comparisons were made for both E. fulvus (Ef) and P. diadema (Pd) across
both study periods and within both the June-August (JA) and October-November (ON) study
periods. Within species comparisons across study periods were also conducted.
Overlap of Plant Parts Consumed
Ef vs. Pd
Ef (JA) vs. Pd (JA)
Ef (ON) vs. Pd (ON)
Ef (JA) vs. Ef (ON)
Pd (JA) vs. Pd (ON)

BD, FL, ML, RF, RFSD, URF, URFSD, YL
BD, FL, ML, RF, RFSD, URF, URFSD, YL
BD, RFSD, URF, URFSD, YL
BD, ML, RF, RFSD, URF, URFSD, YL
BD, FL, RFSD, SD, URF, URFSD, YL

Schoener’s Index
0.227
0.111
0.411
0.556
0.722

Gum consumption by E. fulvus was infrequently observed during both seasons, but this
foraging behavior was captured only during focal observations of the October-November study
period. Propithecus diadema were never observed eating gums, though males would often score
tree bark with their teeth when scent marking. Only P. diadema sought seeds exclusively,
noticeably removing fruit pulp to extract the seeds within. Like P. diadema, E. fulvus consumed
whole fruits with intact seeds from several plant species, but the largest seeds were either
avoided altogether (Sloanea cf. rhodantha) or were found undigested in the animals’ feces
(Antirhea spp., Cryptocarya spp., Psychotria spp.). In addition to plants, E. fulvus infrequently
consumed vertebrates (one chameleon and two frogs were consumed on different occasions) in
October-November. It is unlikely that such predation was missed during the previous study
period owing to the amount of time spent consuming each vertebrate prey item (range = 3.2 –
14.7 min; 𝑥 = 9.9 min.).
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Plant parts consumed came from many different herbaceous and woody plant species.
Across study periods, E. fulvus fed from 62 plant species representing 22 families. Propithecus
diadema fed from 81 different plant species representing 28 families. Foods that comprised more
than 1% of the total diet contributed to over 85% of both species’ total diet for both collection
periods (Tables 8-11). Three plant species represented over 50% of the diet for E. fulvus, with a
single species (Antirhea sp.) comprising more than 50% of the diet during June-August. Only
two species (Antirhea sp. and Ficus cf. rubra) made up more than 1% of the total diet in both
June-August and October-November. Three plant species also represented over 50% of the diet
for P. diadema during each study period. Six species (Abrahamia cf. ditimena, Bakerella clavata,
Bakerella viguieri, Garcinia sp., maintipototra (ver.), and Plectaneia sp.) made up more than 1%
of the total diet in both June-August and October-November.
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Table 8
Plants that comprised >1% of the total diet of E. fulvus during June-August. Plant parts included
buds (BD), flowers (FL), ripe and unripe fruits (RF and URF), ripe and unripe fruits and seeds
(RFSD and URFSD), and young and mature leaves (YL and ML). Plant growth types included:
strangler fig (STRF), tree (T), canopy tree (TC), understory tree (TU).
Family
cf. Rubiaceae
Malvaceae
Lauraceae
Moraceae

Species
cf. Antirhea
sp.
Dombeya sp.
Cryptocarya
sp.
Ficus cf.
rubra

Common Name

Type

Valotra

TC

Hafibalo

TC

Tavolopika

TC

Nonoka

STRF

Unknown

Unknown

Velatra

HERB

Rubiaceae

Psychotria sp.

Hohaninasity

TU

Malvaceae

Unknown

Hafitra

T

Part(s)
Selected
RFSD,
URFSD
BD, FL
RF, RFSD,
URF, URFSD
RF, RFSD,
URFSD
ML, RFSD,
YL
RFSD,
URFSD
FL
TOTAL

Percent of
Feeding
Time
56.42%
18.54%
9.10%
4.03%
3.74%
2.18%
1.81%
95.82%
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Table 9
Plants that comprised >1% of the total diet of E. fulvus during October-November. Plant parts
included buds (BD), flowers (FL), ripe and unripe fruits (RF and URF), ripe and unripe fruits
and seeds (RFSD and URFSD), and young leaves (YL). Plant growth types included: liana/herb
(LI/HERB), strangler fig (STRF), canopy tree (TC), understory tree (TU).
Family

Species

Common Name

Type

Ramiavotoloho

TC

Nonoka

STRF

Tavolomaladia

TC

Maintipototra

TC

Part(s)
Selected

Unknown

Ambavia cf.
capuronii
Ficus cf.
rubra
Cryptocarya
sp.
Unknown

Rubiaceae

cf. Chassalia

Voanananala

TU

cf. Canthium
sp.
cf. Antirhea
sp.
Ficus
tiliifolia

Fatsikahitra
voamalampangady

TC?

Valotra

TC

Voara

TC

Unknown

Unknown

Unknown

Somalondona

LI/HERB

Kalafana

TC

URFSD

1.06%

Kalafambakaka

TU

BD, YL

1.01%

TOTAL

93.27%

Annonaceae
Moraceae
Lauraceae

cf. Rubiaceae
Rubiaceae
Moraceae
Unknown
Cucurbitaceae
Primulaceae
Primulaceae

Zehneria
perrieri
Oncostemum
sp.
Oncostemum
acuminatum

RF, RFSD,
URFSD, YL
RFSD,
URFSD, YL
RFSD,
URFSD, YL
BD, YL
RFSD,
URFSD
RFSD,
URFSD
RFSD,
URFSD
RF, URF,
YL
RFSD,
URFSD
RFSD,
URFSD

Percent of
Feeding
Time
20.62%
19.96%
17.69%
9.27%
7.23%
6.43%
6.15%
1.31%
1.27%
1.25%
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Table 10
Plants that comprised >1% of the total diet of P. diadema during June-August. Plant parts
included buds (BD), flowers (FL), unripe fruits (URF), ripe and unripe fruits and seeds (RFSD
and URFSD), and young and mature leaves (YL and ML). Plant growth types included: hemiparasite (HPR), liana (LI), liana/herb (LI/HERB), canopy tree (TC), emergent tree (TE),
understory tree (TU).
Part(s)
Selected

Percent of
Feeding
Time

Family

Species

Common Name

Type

Loranthaceae

Bakerella cf.
clavata

Tongoalahy SL

HPR

Clusiaceae

Garcinia sp.

Voamalambotaholahy

TC

Loranthaceae

Bakerella cf.
clavata

Tongoalahy BL

HPR

Maimbovitsika

TC

BD, YL

7.01%

Rafy

TE

BD, ML,
YL

5.71%

Kimba tenany

TC

YL

3.16%
2.46%

Pittosporaceae
Primulaceae
Clusiaceae

Pittosporum
verticillatum
var.
verticillatum
Maesa
lanceolata
Symphonia
sp.

BD, FL,
URFSD,
YL
URF,
URFSD,
ML, YL
BD,
URFSD,
YL

36.38%
10.62%
7.87%

Aquifoliaceae

Ilex mitix

Hazondrano

TC

RFSD,
URFSD,
YL

Cucurbitaceae

Zehneria
perrieri

Somalondona

LI/HERB

YL

2.26%

Myrtaceae

Syzygium sp.

Rotra mena BL

TC

URFSD,
YL

1.92%

Sapindaceae

Allophylus
pinnatus

Sakaihazo

TC

ML, YL

1.85%

Unknown

Unknown

Maintipototra

TC

BD, RFSD,
YL

1.64%

Fandramanana

TU

YL

1.32%

Takaloparihy

LI

YL

1.20%

Aphloiaceae
Primulaceae

Aphloia
theiformis
Embelia
concinna
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Table 10 (continued)
Anacardiaceae
Lauraceae
Apocynaceae

Abrahamia
cf. ditimena
Ocotea sp.
cf.
Plectaneia
sp.

Tsiramiramy

TC

YL

1.20%

Varongy mavo

TC

YL

1.19%

Vahimainty

LI

YL

1.17%

TOTAL

86.96%
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Table 11
Plants that comprised >1% of the total diet of P. diadema during October-November. Plant parts
included buds (BD), flowers (FL), unripe fruits (URF), ripe and unripe fruits and seeds (RFSD
and URFSD), seeds (SD), and young leaves (YL). Plant growth types included: hemi-parasite
(HPR), liana (LI), canopy tree (TC).
Family

Species

Common Name

Type

Apocynaceae

cf. Plectaneia sp.

Vahimainty

LI

Lauraceae

Cryptocarya sp.

Tavolo

TC

Unknown

Unknown
Bakerella cf.
clavata
Mascarenhasia
arborescens
Garcinia
tsaratananensis

Maintipototra

TC

Tongoalahy SL

HPR

Babona

TC

Kimbaletaka

TC

Loranthaceae
Apocynaceae
Clusiaceae

Part(s)
Selected
YL
RFSD,
SD,
URFSD,
YL
YL
URFSD,
YL
BD, FL,
YL
SD, YL

Percent of
Feeding
Time
33.49%
16.40%
11.39%
6.80%
6.76%
4.36%

Clusiaceae

Symphonia
microphylla

Kimba ditinina

TC

Loranthaceae

Bakerella cf.
clavata

Tongoalahy BL

HPR

Varongy

TC

RFSD,
SD,
URFSD,
YL
BD, FL,
URF,
URFSD,
YL
SD

Vatsilambato

TC

BD, YL

1.70%

Voamalambotaholahy

TC

YL

1.53%

Tsiramiramy

TC

YL

1.52%

TOTAL

93.83%

Lauraceae
Araliaceae
Clusiaceae
Anacardiaceae

cf. Ocotea
Schefflera
vantsilana
Garcinia sp.
Abrahamia cf.
ditimena

3.72%

3.24%
2.91%

A Simpson’s diversity index (Simpson 1949) showed that the diet of E. fulvus was much
less diverse during June-August (63.3) than during October-November (85.6). However, the diet
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of P. diadema was equally diverse in June-August (83.7) and October-November (83.2; Table
12). During the October-November season, E. fulvus also consumed frogs (n = 2) and a
chameleon (n = 1) of unknown species. Both species supplemented their diets with soil during all
study periods and E. fulvus also supplemented their diet with water (n = 39) from streams, tree
holes, and natural seeps from the hillside.

Table 12
Simpson’s Diversity Index values for plant species consumed by each species across the entire
study and between the June-August (JA) and October-November (ON) study periods.

E. fulvus
(JA)
(ON)
P. diadema
(JA)
(ON)

Families
22
21
11
28
28
17

Number of:
Species
61
48
29
81
75
40

Simpson’s Index:
Families
Species
66.2
76.0
58.1
63.3
74.5
85.6
82.6
89.8
77.4
83.7
76.8
83.2

Schoener’s Index (Schoener 1970) showed little dietary overlap between the two species
in terms of plant species (0.047) consumed. However, dietary overlap between the two species
increased dramatically from the Jan-Aug season (0.022) to the October-November season
(0.109). Diets exhibited the most overlap within the same species across both study periods
(Table 13).
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Table 13
Dietary overlap for plant species consumed was assessed using Schoener’s Index. Comparisons
were made for both E. fulvus (Ef) and P. diadema (Pd) across both study periods and within both
the June-August (JA) and October-November (ON) study periods. Within species comparisons
across study periods were also conducted.
Number of Species Species Overlap Schoener’s Index
Ef vs. Pd
81 vs. 61
33
0.047
Ef (JA) vs. Pd (JA)
75 vs. 48
25
0.022
Ef (ON) vs. Pd (ON)
40 vs. 29
9
0.109
Ef (JA) vs. Ef (ON)
48 vs. 29
16
0.131
Pd (JA) vs. Pd (ON)
75 vs. 40
34
0.208

The top five foods consumed by each species during each season comprised 60.3291.57% of the total feeding time (Tables 14-17). Nonoka FSD were a top food item for E. fulvus
during both study periods. Most of the top five foods were FSD for both seasons. Tongoalahy SL
YL was a top food item for P. diadema during both study periods. Most of the top five foods
were YL for both seasons.

Table 14
Top five food items for E. fulvus June-August based on percentage of total feeding time. Plant
parts included flowers (FL), fruits and seeds (FSD), and young and mature leaves (YL/ ML).
June-August

Total

Species
Valotra
Hafibalo
Tavolopika
Nonoka
Velatra

Plant Part
FSD
FL
FSD
FSD
YL/ML

% Feeding Time
56.42%
18.33%
9.10%
4.03%
3.69%
91.57%
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Table 15
Top five food items for E. fulvus October-November based on percentage of total feeding time.
Plant parts included fruits and fruits and seeds (FSD).
October-November

Species
Nonoka
Tavolomaladia
Ramiavotoloho
Voanananala
Fatsikahitra
voamalampangady

Plant Part
FSD
FRUITS
YL
FSD

% Feeding Time
19.87%
17.55%
17.00%
7.23%

FSD

6.43%

Total

68.08%

Table 16
Top five food items for P. diadema June-August based on percentage of total feeding time. Plant
parts included buds (BD) and young leaves (YL).
June-August

Total

Species
Tongoalahy SL
Tongoalahy SL
Voamalambotaholahy
Tongoalahy BL
Maimbovitsika

Plant Part
BD
YL
YL
YL
YL

% Feeding Time
23.75%
12.00%
10.47%
7.10%
7.00%
60.32%
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Table 17
Top five food items for P. diadema October-November based on percentage of total feeding
time. Plant parts included ripe and unripe fruits and seeds (RFSD and URFSD), seeds (SD), and
young leaves (YL).
October-November

Species
Vahimainty
Tavolo
Maintipototra
Tongoalahy SL
Kimbaletaka

Plant Part
YL
RFSD/URFSD
YL
YL
SD

Total

% Feeding Time
33.49%
12.40%
11.39%
5.73%
4.33%
67.34%

Time Window Analysis

Eulemur fulvus spent significantly less time feeding on BD/FL and other food items
(vertebrates, gums, etc.) before consuming soil than during “all feeding” periods for both oneand six-hour time windows (Table 18a). The opposite was true for YL/ML for both one- and sixhour time windows. Fruit consumption was not significantly different between “all feeding” and
“before soil” for either time window. Propithecus diadema did not show any significant
difference in consumption habits for any plant part for either the 12-hour or the 30-hour time
windows (Table 18b).
Analyses were also conducted for the June-August and October-November study periods
separately for each species. Patterns in significance were similar, but with a few exceptions. In
June-August, E. fulvus spent significantly more time consuming fruits “before soil” than for “all

44
feeding” (Welch’s t-test; x̄ 1 =100.00 ± 0.00, x̄ 2 = 69.59 ± 40.87; P < 0.001) and less timeconsuming YL/ML “before soil” than for “all feeding” (x̄ 1 = 0.00 ± 0.00, x̄ 2 = 8.04 ± 23.59, P <
0.001) during one hour windows.

BD/FL
FRUITS
YL/ML
OTHER

BD/FL
FRUITS
SD
YL/ML
OTHER

b)

a)

67.71 ± 47.22
0.00 ± 0.00

14.26 ± 29.51
0.65 ± 5.51

21.85 ± 24.22
6.70 ± 8.44
5.59 ± 9.24
63.63 ± 20.12
0.00 ± 0.00

7.04 ± 11.98
3.51 ± 8.69

69.54 ± 23.54
0.15 ± 0.96

Before Soil

12.51 ± 17.90

All Feeding

57.14 ± 53.45

70.60 ± 39.21

12 Hour Windows

0.00 ± 0.00

Before Soil

12.74 ± 29.51

All Feeding

1 Hour Windows

P = 0.07

P = 0.24

P = 0.35

P = 0.87

P = 0.11

P values

P = 0.002

P = 0.02

P = 0.53

P < 0.001

P values

0.00 ± 0.00

74.32 ± 17.13

2.72 ± 5.19

9.51 ± 10.73

16.24 ± 20.96

All Feeding

0.93 ± 4.13

13.93 ± 20.45

68.93 ± 30.39

12.04 ± 21.81

All Feeding

0.00 ± 0.00

66.89 ± 19.41

5.03 ± 5.84

10.74 ± 10.84

21.47 ± 24.91

Before Soil

30 Hour Windows

1.47 ± 3.88

33.32 ± 18.65

68.33 ± 27.12

0.00 ± 0.00

Before Soil

6 Hour Windows

P = 1.00

P = 0.14

P = 0.13

P = 0.67

P = 0.41

P values

P < 0.001

P = 0.03

P = 0.96

P < 0.001

P values

Percent feeding time on each plant part during independent time intervals for both study periods for a) E. fulvus, and b) P.
diadema. Plant parts included buds/flowers (BD/FL), fruits, seeds (SD), young and mature leaves (YL/ML) and other
(vertebrates, gums, stems, etc.). Averages are expressed as plus or minus (±) one standard deviation. Welch’s t-tests were
used to compare “all feeding” to “before soil” windows using bootstrapped samples. Significant differences (P < 0.05)
between windows are noted in bold. Original sample sizes used to create bootstraps per row for each time window are: one
hour (n = 707), six hours (n = 179), 12 hours (n = 147), and 30 hours (n = 51).

Table 18
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Nutritional Analyses

Plant parts consumed did not significantly differ in percent moisture content, crude
protein, available protein, ADICP, adjusted crude protein, ADF, NDF, lignin, crude fat, water
soluble carbohydrates, calcium, phosphorous, magnesium, potassium, sodium, or in parts per
million (PPM) of iron, zinc, copper, or manganese (Table 19).
Overall there was no significant difference in percent moisture, crude protein, available
protein, ADICP, adjusted crude protein, ADF, NDF, lignin, crude fat, water soluble
carbohydrates, calcium, phosphorous, magnesium, potassium, sodium, or PPM of iron, zinc,
copper, or manganese between the top foods consumed by E. fulvus and P. diadema (Table 20).
Sample sizes were too small to compute season-based statistical comparisons.
Fiber intake based on feeding time was significantly lower for “before soil” windows
than “all feeding” windows for most comparisons. The one-hour E. fulvus October-November
(Welch’s t-test; “all feeding” x̄ 1 = 25.16, “before soil” x̄ 2 = 27.85; P < 0.001; Table 21) and 30hour P. diadema June-August windows (P < 0.001) were the only two exceptions. Five windows
were not significantly different.
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Table 19
Plant parts consumed included seeds (SD), buds/flowers (BD/FL), fruits, and young and mature
leaves (YL/ML). Percent composition of each macro- and micronutrient for each plant part were
compared using a Kruskal Wallis test. Chi-squared and significance values are also listed below.

Moisture
Dry Matter
Crude Protein
Available Protein
ADICP
Adjusted Crude
Protein
ADF
NDF
Lignin
Crude Fat
WSC
Calcium
Phosphorous
Magnesium
Potassium
Sodium
Iron (ppm)
Zinc (ppm)
Copper (ppm)
Manganese (ppm)

SD
(n = 1)

BD/FL
(n = 2)

FRUITS
(n = 7 )

YL/ML
(n = 8 )

χ2

P

81.18
18.82
8.40
7.60
0.800

79.01 ± 6.95
20.99 ± 6.95
10.45 ± 2.19
4.95 ± 3.75
5.45 ± 1.49

85.51 ± 5.16
14.49 ± 5.16
10.11 ± 8.17
6.24 ± 6.69
3.87 ± 1.85

0.747 ± 0.161
0.253 ± 0.161
15.78 ± 8.28
11.60 ± 7.97
4.18 ± 5.98

1.247
1.247
2.053
3.205
3.679

0.742
0.742
0.562
0.361
0.298

8.40

5.95 ± 3.75

7.24 ± 6.69

12.60 ± 7.97

3.031

0.387

5.40
10.40
1.00
21.90
8.50
0.320
0.170
0.210
1.34
0.052
78.00
113.00
11.00
79.00

33.85 ± 25.24
40.35 ± 25.81
12.90 ± 6.65
4.00 ± 4.10
24.05 ± 26.38
0.170 ± 0.099
0.195 ± 0.021
0.220 ± 0.000
1.95 ± 0.573
0.057 ± 0.037
156.50 ± 171.83
18.50 ± 4.95
10.50 ± 4.95
305.00 ± 63.64

31.20 ± 7.41
40.50 ± 22.47
15.01 ± 6.54
8.31 ± 7.41
17.79 ± 10.66
0.316 ± 0.152
0.123 ± 0.073
0.219 ± 0.110
2.63 ± 1.14
0.046 ± 0.044
180.14 ± 160.09
68.43 ± 48.90
11.71 ± 8.56
463.29 ± 482.27

27.85 ± 5.98
38.23 ± 7.89
13.95 ± 4.28
3.58 ± 1.59
10.91 ± 8.67
0.852 ± 1.40
0.193 ± 0.099
0.381 ± 0.292
2.43 ± 0.67
0.059 ± 0.093
92.13 ± 56.43
50.13 ± 47.77
11.38 ± 4.75
497.25 ± 326.43

2.772
2.855
3.031
3.517
1.461
3.440
3.527
5.869
3.414
1.561
1.050
3.251
0.062
1.783

0.428
0.415
0.387
0.319
0.691
0.329
0.317
0.118
0.332
0.668
0.789
0.354
0.996
0.619
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Table 20
Average nutritional values and standard deviations were calculated for the top five foods
consumed by each lemur species for each season. Means were compared using Mann-Whitney U
values. There were no significant differences in nutritional intake measures between E. fulvus
and P. diadema.

Moisture
Dry Matter
Crude Protein
Available Protein
ADICP
Adj. Crude Protein
ADF
NDF
Lignin
Crude Fat
WSC
Calcium
Phosphorous
Magnesium
Potassium
Sodium
Iron (ppm)
Zinc (ppm)
Copper (ppm)
Manganese (ppm)

P. diadema
(n = 9)
74.5 ± 14.9
25.5 ± 14.9
13.33 ± 7.68
8.93 ± 6.74
4.38 ± 2.84
9.91 ±6.75
24.44 ±10.02
32.78 ± 11.86
12.48 ± 6.44
6.60 ± 6.18
15.50 ± 12.42
0.312 ± 0.153
0.187 ± 0.086
0.248 ± 0.083
2.48 ± 0.81
0.076 ± 0.081
89.78 ± 70.48
47.56 ± 37.47
11.33 ± 7.05
482.44 ± 313.17

E. fulvus
Mann(n = 9)
Whitney U
84.9 ± 4.7
23
15.1 ± 4.7
23
11.81 ± 8.32
36
8.18 ± 7.90
32.5
3.64 ± 1.21
37
9.18 ± 7.90
33.5
32.70 ± 16.30
32
42.82 ± 20.51
31
14.32 ± 11.49
33.5
0.76 ± 1.34
29
14.32 ± 11.50
34
0.76 ± 1.34
31
0.142 ± 0.082
29.5
0.333 ± 0.295
37.5
2.31 ± 0.99
35
0.030 ± 0.039
24
175.67 ± 143.92
24
66.89 ± 55.71
33
11.44 ± 5.32
32
396.44 ± 436.51
31

Z
1.251
1.251
0.398
0.707
0.310
0.619
0.751
0.839
0.618
1.017
0.574
0.841
0.972
0.267
0.486
1.457
1.458
0.663
0.753
0.839

Exact
Sig.
0.236
0.236
0.730
0.489
0.796
0.546
0.489
0.436
0.546
0.340
0.605
0.436
0.340
0.796
0.666
0.161
0.161
0.546
0.489
0.436

15.23 ± 14.40
(n = 7)
22.20 ± 0.00
(n = 2)
27.85 ± 0.00
(n = 5)

26.79 ± 9.64
(n = 707)
27.60 ± 10.72
(n = 450)
25.16 ± 6.26
(n = 257)

Before Soil
24.67 ± 2.72
(n = 20)
23.80 ± 3.02
(n = 11)
24.48 ± 1.41
(n = 9)

25.25 ± 3.67
(n = 147)

25.92 ± 2.93
(n = 98)

25.29 ± 3.53
(n = 49)

Combined

JuneAugust

OctoberNovember

12 Hour Windows

Before Soil

All Feeding

1 Hour Windows

All Feeding

b)

JuneAugust
OctoberNovember

Combined

a)

P = 0.25

P = 0.05

P = 0.40

P values

P < 0.001

P < 0.001

P = 0.08

P values

24.85 ± 1.85
(n = 18)

25.82 ± 3.13
(n = 33)

25.33 ± 2.75
(n = 51)

All Feeding

26.18 ± 6.65
(n = 179)
27.84 ± 8.56
(n = 111)
25.64 ± 3.23
(n = 68)

All Feeding

25.52 ± 1.64
(n = 9)

26.24 ± 2.82
(n = 11)

23.55 ± 2.06
(n = 20)

Before Soil

30 Hour Windows

23.36 ± 1.54
(n = 7)
23.91 ± 0.00
(n = 2)
25.16 ± 2.11
(n = 5)

Before Soil

6 Hour Windows

P = 0.35

P < 0.001

P < 0.001

P values

P = 0.66

P < 0.001

P < 0.001

P values

Average fiber intake for “before soil” and “all feeding” windows for the combined June-August and October-November
time periods during independent time intervals for a) E. fulvus, and b) P. diadema. Each value is expressed as plus or
minus (±) one standard deviation. Welch’s t-tests were used to compare “all feeding” to “before soil” windows using
bootstrapped samples. Significant differences (P < 0.05) between paired time windows are noted in bold. Original sample
sizes used to create bootstraps are expressed in parentheses (n).

Table 21
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Silicon, aluminum, and iron were the most common heavy elements identified in the soil
samples (𝑥 = 23.15% of the soils’ elemental composition; Table 22). Soil samples contained
mostly light elements (74.68%; i.e. elements with atomic number < 11) that were not
individually identified.
Table 22
Soil elemental composition expressed as a percent of the total elemental composition (n = 4).
Light elements (atomic number < 11) represented 74.68% of elemental composition. Elements
measured using atomic adsorption spectroscopy are marked with an asterisk (*). All others were
measured using X-ray fluorescence (XRF).
Si
Al
Fe
K
Mg*
Ti
Na*
Mn
P
Ca*
S
Co
Zr
V
Cr
Rb
Zn
Cu
Th
Sr
Pb
Y
Mo

Average (%)
10.2525
7.3150
5.5870
0.8145
0.5375
0.3963
0.0895
0.0781
0.0629
0.0600
0.0391
0.0268
0.0176
0.0163
0.0067
0.0059
0.0058
0.0056
0.0023
0.0020
0.0015
0.0012
0.0009

SD
1.6588
1.5082
1.1516
0.0158
0.6607
0.0502
0.0528
0.1001
0.0229
0.0183
0.0148
0.0061
0.0033
0.0009
0.0017
0.0065
0.0040
0.0031
0.0007
0.0013
0.0006
0.0011
0.0003

SE
0.8294
0.7541
0.5758
0.0079
0.3303
0.0251
0.0264
0.0501
0.0114
0.0091
0.0074
0.0031
0.0017
0.0005
0.0009
0.0032
0.0020
0.0015
0.0003
0.0006
0.0003
0.0006
0.0001
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The average percentage of magnesium and sodium, and the average PPM of zinc, copper,
and manganese did not significantly differ between SD, FRUITS, BD/FL, YL/ML, and soil
(Kruskal Wallis, df = 4, all P > 0.05). Plant parts and soils did differ significantly in the
percentage of calcium (Kruskal-Wallis, χ2 = 11.733, df = 4, P = 0.019), phosphorous (KruskalWallis, χ2 = 11.435, df = 4, P = 0.022), and potassium (Kruskal-Wallis, χ2 = 11.698, df = 4, P =
0.020) and PPM of iron (Kruskal-Wallis, χ2 = 10.106, df = 4, P = 0.039) present. Post hoc
analyses showed that YL/ML contained a significantly higher percentage of calcium (Dunn’s
MC, P < 0.001) and phosphorous (Dunn’s MC, P = 0.002) than soil. Potassium was significantly
higher in YL/ML (Dunn’s MC, P < 0.003) and fruits (Dunn’s MC, P < 0.001) than in soil. Soils
contained significantly higher PPM of iron than YL/ML (Dunn’s MC, P < 0.002)

Plant Secondary Metabolites (PSMs)

Buds of tongoalahy SL had the highest tannin index (5) but were frequently consumed by
P. diadema during June-August (Table 23). There was a significant main effect of plant part on
tannin concentration (two-way ANOVA, F3,14 = 3.347, P = 0.0499). Post hoc analyses showed
that BD/FL had significantly higher tannin levels than SD (LSD P = 0.018), fruits (LSD P =
0.012) and YL/ML (LSD P = 0.008). There was no significant effect by season (two-way
ANOVA, F1,14 = 0.012, P = 0.914), or an interaction between plant part and season (two-way
ANOVA, F1,14 = 1.253, P = 0.282). Foods consumed by E. fulvus did not have significantly
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different tannin index values from those consumed by P. diadema (Mann-Whitney U = 48.5, n1
= 10, n2 = 10, Z = 0.119, P = 0.912).

Table 23
The adjusted absorbance (nm) provides a relative tannin concentration for plants consumed by P.
diadema (PD) and E. fulvus (EF) during the June-August (JA) and October-November (ON)
study periods. Higher absorbance values suggest higher tannin concentrations.
Plant
Valotra
Hafibalo
Nonoka
Tavolopika
Velatra
Tongoalahy SL
Tongoalahy SL
Tongoalahy BL
Voamalambotaholahy
Maimbovitsika
Nonoka
Voanananala
Ramiavotoloho
Tavolomaladia
Fatsikahitra
Maintipototra
Tongoalahy SL
Vahimainty
Tavolo
Kimbaletaka

Plant
Part
RF
FL
FSD
RF
YL
BD
YL
YL
YL
YL
FSD
RF
YL
RF
FSD
YL
YL
YL
RF
SD

Lemur

Season

EF
EF
EF
EF
EF
PD
PD
PD
PD
PD
EF
EF
EF
EF
EF
PD
PD
PD
PD
PD

JA
JA
JA
JA
JA
JA
JA
JA
JA
JA
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON

Adjusted
Absorbance (nm)
2.79
2.21
1.37
0.59
0.07
3.33
1.71
1.35
0.46
0.16
2.39
0.91
0.70
0.47
0.41
1.76
1.33
0.85
0.26
0.22

Tannin
Index
4
4
2
1
1
5
3
2
1
1
4
2
2
1
1
3
2
2
1
1

Time window analyses summarizing all time periods and those immediately preceding
soil consumption across study periods did show a significant difference in average tannin
consumption based on feeding times for the E. fulvus one-hour time window (Welch’s t-test; “all

53
feeding” x̄ 1 = 2.86, “before soil” x̄ 2 = 1.92; P = 0.04; Table 24). No significant difference in
tannin consumption was detected for E. fulvus six-hour time windows (P = 0.87), or for P.
diadema twelve- (P = 0.79) or thirty-hour (P = 0.39) time windows. Average tannin consumption
per species per season (June-August and October-November) was significantly different for four
comparisons. Tannin indices for E. fulvus during June-August and October-November were
significantly lower (P < 0.001) for one-hour time windows immediately preceding soil
consumption than for all one-hour time windows. Six-hour time windows were never
significantly different. Tannin indices for P. diadema during the June-August period were
significantly higher (P = 0.01) in the twelve hours preceding soil consumption than all twelvehour periods. However, the opposite was true during the October-November period (P = 0.02).
Thirty-hour time windows were never significantly different.

OctoberNovember

JuneAugust

Combined

b)

JuneAugust
OctoberNovember

Combined

a)

1.92 ± 0.97
(n = 7)
1.00 ± 0.00
(n = 2)
1.89 ± 0.00
(n = 5)

2.86 ± 1.14
(n = 707)
3.27 ± 1.00
(n = 450)
2.16 ± 1.06
(n = 257)

Before Soil
2.42 ± 0.71
(n = 20)
3.08 ± 0.59
(n = 11)
1.73 ± 0.19
(n = 9)

All Feeding
2.47 ± 0.82
(n = 147)
2.51 ± 0.75
(n = 98)
1.91 ± 0.22
(n = 49)

12 Hour Windows

Before Soil

All Feeding

1 Hour Windows

P = 0.02

P = 0.01

P = 0.79

P values

P < 0.001

P < 0.001

P = 0.04

P values

1.95 ± 0.12
(n = 18)

2.39 ± 0.68
(n = 51)
2.56 ± 0.74
(n = 33)

All Feeding

2.90 ± 0.79
(n = 179)
3.28 ± 0.67
(n = 111)
2.30 ± 0.56
(n = 68)

All Feeding

1.91 ± 0.20
(n = 9)

2.55 ± 0.762
(n = 20)
2.87 ± 0.64
(n = 11)

Before Soil

30 Hour Windows

2.84 ± 1.01
(n = 7)
2.89 ± 1.48
(n = 2)
2.33 ± 0.83
(n = 5)

Before Soil

6 Hour Windows

P = 0.58

P = 0.20

P = 0.39

P values

P = 0.93

P = 0.77

P = 0.87

P values

Average tannin intake for “before soil” and “all feeding” windows for the combined June-August and OctoberNovember time periods during independent time intervals for a) E. fulvus, and b) P. diadema. Each value is expressed as
plus or minus (±) one standard deviation. Welch’s t-tests were used to compare “all feeding” to “before soil” windows
using bootstrapped samples. Significant differences (P < 0.05) between paired time windows are noted in bold. Original
sample sizes used to create bootstraps are expressed in parentheses (n).

Table 24
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The ripe fruits of valotra contained the highest toxin concentration (11 µg/mL) and were
consumed only by E. fulvus (Table 25). There was no significant main effect on toxin
concentration by plant part (two-way ANOVA, F3,14 = 0.142, P = 0.933) or by season (two-way
ANOVA, F1,14 = 0.077, P = 0.785), or an interaction between plant part and season (two-way
ANOVA, F1,14 = 0.341, P = 0.568). Foods consumed by E. fulvus did not have significantly
different toxin index values from those consumed by P. diadema (Mann-Whitney U = 49.0, n1 =
10, n2 = 10, Z = -0.078, P = 0.971). Plant toxins and tannins were not significantly correlated
(Spearman’s rho, P = 0.146). Raw mortality scores can be found in the appendix.
Time window analyses summarizing all time periods and those immediately preceding
soil consumption across study periods did show a significant difference in average toxin
consumption based on feeding times for the P. diadema twelve-hour time window (Welch’s ttest; “all feeding” x̄ 1 = 3.41, “before soil” x̄ 2 = 3.66; P < 0.001). No significant difference in
toxin consumption was detected for E. fulvus one- (P = 0.60) or six-hour time windows (P =
0.20) or for P. diadema thirty-hour (P = 0.41) time windows. Average toxin consumption per
species per season (June-August and October-November) was significantly different for three
comparisons (Table 26). Toxin indices for E. fulvus during June-August were significantly
higher (P < 0.001) for one- and six-hour time windows immediately preceding soil consumption
than for all one- and six-hour time windows. Toxin indices for P. diadema during June-August
were significantly higher (P = 0.02) for thirty-hour time windows immediately preceding soil
consumption than for all twelve-hour time windows.
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Table 25
The LC50 for plants consumed by P. diadema (PD) and E. fulvus (EF) during the June-August
(JA) and October-November (ON) study periods provides a measure of plant toxicity. A species
with a lower LC50 is more toxic than one with a high LC50.
Species

Plant Part Lemur
Season
LC50 (µg/mL) Toxin Index
5
Valotra
RF
EF
JA
11
1
Hafibalo
FL
EF
JA
>1000
5
Tavolopika
RF
EF
JA
153
1
Nonoka
FSD
EF
JA
>1000
1
Velatra
YL
EF
JA
>1000
5
Maimbovitsika
YL
PD
JA
110
5
Voamalambotaholahy
YL
PD
JA
213
4
Tongoalahy SL
BD
PD
JA
264
3
Tongoalahy BL
YL
PD
JA
640
1
Tongoalahy SL
YL
PD
JA
>1000
5
Tavolomaladia
RF
EF
ON
103
4*
Fatsikahitra
FSD
EF
ON
5
Ramiavotoloho
YL
EF
ON
232
4
Voanananala
RF
EF
ON
398
1
Nonoka
FSD
EF
ON
>1000
4
Kimbaletaka
SD
PD
ON
123
3
Tavolo
RF
PD
ON
209
4
Maintipototra
YL
PD
ON
286
3
Vahimainty
YL
PD
ON
307
3*
Tongoalahy SL
YL
PD
ON
* Index value calculated from average of the same plant part from other consumed species.

OctoberNovember

JuneAugust

Combined

b)

JuneAugust
OctoberNovember

Combined

a)

3.37 ± 1.81
(n = 7)
4.91 ± 0.13
(n = 2)
1.76 ± 1.62
(n = 5)

3.75 ± 1.44
(n = 707)
3.58 ± 1.59
(n = 450)
3.68 ± 1.32
(n = 257)

Before Soil
3.66 ± 0.28
(n = 20)
3.44 ± 0.73
(n = 11)
3.51 ± 0.26
(n = 9)

All Feeding
3.41 ± 0.47
(n = 147)
3.30 ± 0.64
(n = 98)
3.36 ± 0.27
(n = 49)

12 Hour Windows

Before Soil

All Feeding

1 Hour Windows

P = 0.14

P = 0.54

P < 0.001

P values

P = 0.06

P < 0.001

P = 0.60

P values

3.40 ± 0.16
(n = 18)

3.39 ± 0.40
(n = 51)
3.41 ± 0.46
(n = 33)

All Feeding

3.76 ± 0.98
(n = 179)
3.70 ± 1.14
(n = 111)
3.73 ± 0.73
(n = 68)

All Feeding

3.41 ± 0.11
(n = 9)

3.45 ± 0.22
(n = 7)
3.69 ± 0.28
(n = 11)

Before Soil

30 Hour Windows

4.00 ± 0.42
(n = 7)
4.87 ± 0.00
(n = 2)
3.94 ± 0.42
(n = 5)

Before Soil

6 Hour Windows

P = 0.83

P = 0.02

P = 0.41

P values

P = 0.36

P < 0.001

P = 0.20

P values

Average toxin intake for “before soil” and “all feeding” windows for the combined June-August and October-November
time periods during independent time intervals for a) E. fulvus, and b) P. diadema. Each value is expressed as plus or
minus (±) one standard deviation. Welch’s t-tests were used to compare “all feeding” to “before soil” windows using
bootstrapped samples. Significant differences (P < 0.05) between paired time windows are noted in bold. Original
sample sizes used to create bootstraps are expressed in parentheses (n).

Table 26
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Diarrhea and Parasites

Eulemur fulvus were observed defecating 113 times and 40 fecal samples were collected
and analyzed. All 33 samples that received a consistency rating in the field were ranked as 3
(hard/clumped). These samples were heterogeneous and contained many identifiable hard seeds
(Antirhea sp., Cryptocarya spp., Psychotria sp.) and undigested fruit pulp. Propithecus diadema
were observed defecating 205 times and 40 fecal samples were collected and analyzed. All 47
samples that received a consistency rating in the field were ranked as 4 (hard/fragmented).
Collected samples appeared homogenous when broken apart. No defecation event from either
species received a rating of 1 (loose/watery) or 2 (loose/lumpy).
Twenty-five E. fulvus fecal samples from June-August and 15 from October-November
were analyzed (Table 27). Three intestinal helminth taxa were found in E. fulvus samples:
strongylids, Lemuricola sp., and Callistoura sp. Many larvae also were documented and are
assumed to be representative of the eggs identified. One species of protozoan (Balantidium coli)
and several ectoparasites also were noted (Fig. 4). All individuals hosted 2-4 species of
endoparasites (x̄ = 2.93 species). There was no significant difference in parasite species diversity
between adult males, adult females, or juvenile E. fulvus (Kruskal-Wallis, H = 1.863, df = 2, P =
0.394).
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Table 27
Average egg/larva density (eggs or larva per gram of feces) plus or minus (±) one standard
deviation for E. fulvus. Sample sizes are provided in parentheses. Data are represented as a
cumulative total, divided by June-August (JA) and October-November (ON) study periods, and
by age/sex class: adult males (AM), adult females (AF), and juveniles (JUV).
Strongyles

B. coli
1,583.53 ±
5,047.00
836.28 ± 1,462.97

AM (n = 9)

177.27 ±
256.08
136.64 ±
173.04
143.54 ±
171.73

AF (n = 12)

35.34 ± 26.35

300.64 ± 396.51

JUV (n = 4)

425.03 ± 79.18

Total (n = 40)
JA (n = 25)

1,422.16 ±
2,217.88

AM (n = 5)

244.98 ±
351.42
408.67 ±
382.93

1124.97 ±
1,067.69
2,828.95 ±
8,039.29
1,472.74 ±
1,655.55

AF (n = 5)

21.58 ± 25.53

112.15 ± 109.24

304.69 ±
429.66

6,901.96 ±
13,827.18

ON (n = 15)

JUV (n = 5)

Callistoura
sp.

Lemuricola
sp.

Larva

586.63 ±
703.02
613.66 ±
771.94
596.00 ±
314.91
461.26 ±
913.14
1110.61 ±
1,011.03
541.59 ±
593.14
697.99 ±
845.99
296.83 ±
204.98
629.94 ±
598.67

50.11 ±
220.42

335.32 ±
640.15

80.17 ± 276.47

93.20 ± 121.91

127.50 ±
382.51

83.56 ± 109.79

68.57 ± 237.5

67.41 ± 84.32

8.45 ± 16.89
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00

192.26 ±
211.33
738.85 ±
914.84
831.44 ±
956.45
253.25 ±
185.42
1131.86 ±
1,217.17

Fig. 4. Images of parasites found in E. fulvus. From left to right: Strongyle sp., Callistoura sp.,
Lemuricola sp., and Balantidium coli.

Season had no effect on egg densities in E. fulvus (two-way ANOVA, F1,34 = 0.351, P =
0.557). Age/sex had a significant effect on strongylid egg densities in sampled E. fulvus (two-
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way ANOVA, F2,34 = 7.821, P = 0.002). Post hoc comparisons using Tukey’s HSD test showed
that mean egg densities in adult males sampled (𝑥  = 238.23, SD = 283.99) were significantly
higher than in adult females (𝑥 = 31.39, SD = 26.12, P =0.032), and that mean egg densities in
juveniles (𝑥  = 358.18, SD = 256.08) were significantly higher than in females (P = 0.002). There
was no significant interaction between season and age/sex class in samples (two-way ANOVA,
F2,34 = 2.424, P = 0.104). Age-sex also yielded a significant difference in egg densities for
Balantidium coli (two-way ANOVA, F2,32 = 4.362, P = 0.021) and Callistoura sp. (two-way
ANOVA, F2,33 = 4.355, P = 0.021), but not for larva (two-way ANOVA, F2,32 = 1.084, P =
0.350).
Twenty-seven P. diadema fecal samples collected from June-August and 13 from
October-November were analyzed (Table 28). Parasite eggs (n = 133) found in P. diadema feces
were identified to the genus Pararhabdomena cf. longistriata, order Strongylida (Fig. 5, M.
Kinsella, pers. comm.). Five fecal samples contained no parasite eggs. The four individuals from
whom these samples were obtained provided infected stool samples both immediately before and
after (+/- two days) null samples were collected. There was no significant difference in parasite
species diversity across P. diadema age or sex class of sampled individuals (Kruskal-Wallis, H =
0.132, df = 2, P = 0.936). There was no significant main effect on egg density by age/sex class
(two-way ANOVA, F2,35 = 1.652, P = 0.206), season (two-way ANOVA, F1,35 = 0.002, P =
0.962), or interaction between these variables (two-way ANOVA, F2,35 = 0.753, P = 0.478).
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Fig. 5. Image of Pararhabdomena cf. longistriata found in P. diadema.
Table 28
Average egg density (eggs per gram of feces) plus or minus (±) one standard deviation for P.
diadema. Sample sizes are provided in parentheses. Data are represented as a cumulative total,
divided by June-August (JA) and October-November (ON) study periods, and by age/sex class:
adult males (AM), adult females (AF), and juveniles (JUV).
Total (n = 41)
June-August (n = 28)
AM (n = 12)
AF (n = 10)
JUV (n = 6)
October-November (n = 13)
AM (n = 3)
AF (n = 5)
JUV (n = 5)

P. cf. longistriata
15.18 ± 14.13
15.55 ± 15.15
17.25 ± 16.79
12.16 ± 12.02
17.81 ± 17.98
14.38 ± 12.15
26.36 ± 11.18
9.38 ± 7.99
12.19 ± 13.11

Egg length measurements suggested that E. fulvus and P. diadema were hosts to two
different strongylid species (Table 29; Fig. 6). Eulemur fulvus had significantly higher parasite
species richness (Mann-Whitney U = 0, n1 = 40, n2 = 41, Z = 8.374, P < 0.001) and strongylid
densities (Mann-Whitney U = 421.5, n1 = 40, n2 = 41, Z = -3.768, P < 0.001) than P. diadema.
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Table 29
Common parasites found in the feces of P. diadema and E. fulvus. The average length and width
of several eggs from each sample were measured. Sample size, standard deviation (SD), and
standard error (SE) of all measurements also are provided.
Lemur Sp
E. fulvus
E. fulvus
E. fulvus
E. fulvus
P. diadema

Parasite
Balantidium
Callistoura
Lemuricola
Strongyle
Strongyle

N
209
176
14
140
128

Length
61.83
94.21
66.04
64.34
79.21

SD
16.37
4.80
10.02
7.15
5.85

SE
1.15
0.36
2.68
0.62
0.52

Width
45.07
44.89
29.69
44.55
48.12

SD
17.92
2.22
4.69
5.86
4.35

SE
1.24
0.17
1.25
0.50
0.38
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a)

b)

Length (µm)

c)

Length (µm)

d)

Length (µm)

Length (µm)

Fig. 6. The dimensions of parasite eggs were measured to determine the presence of closely
related species. a) Strongylid egg lengths differed significantly (P < 0.05) between the two lemur
species, suggesting the presence of two separate strongylid species. Normal distributions were
obtained for b) Balantidium sp., c) Callistoura sp., and d) Lemuricola sp.

CHAPTER 5
DISCUSSION

These results suggest that different primate species within the same habitat consume soil
for different dietary reasons. Furthermore, these data represent the first study of E. fulvus at
Tsinjoarivo, and one of the first nutritional studies of an eastern population of E. fulvus. The
frequency of soil consumption by E. fulvus was seasonally variable, with very few geophagy
bouts during the June-August study period and several geophagy bouts during the much shorter,
October-November study period. Soil appears to be a much more regular, though still minor
component of the P. diadema diet. Five hypotheses were tested to predict the most probable
ecological basis for geophagy for these species (Table 30).
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Table 30
Five hypotheses were tested to predict the most probable ecological basis for geophagy: 1)
antacid, 2) PSM adsorption (tannins or toxins), 3) alleviation of diarrhea, 4) parasite removal,
and 5) nutrient supplementation. Predictions were either supported (yes), not supported (no), or
were inconclusive.
Hypotheses

Antacid

PSMs: Tannins

PSMs: Toxins

Parasites

Diarrhea

Minerals

Predictions
Animals will consume soil when their diets are high in fruits.
Soil consumption will occur within biologically relevant
time periods (hours) after increased time spent feeding on
foods high in fiber.
Consumed soil will be high in clay and have a high pH.
Adults and juveniles of both sexes will consume soil.
Animals will consume soil when their diets are high in
leaves.
Soil consumption will occur within biologically relevant
time periods (hours) after increased time spent feeding on
foods high in tannins.
Consumed soil will be high in clay.
Adults and juveniles of both sexes will consume soil.
Animals will consume soil when their diets are high in seeds.
Soil consumption will occur within biologically relevant
time periods (hours) after increased time spent feeding on
foods high in toxins.
Consumed soil will be high in clay.
Adults and juveniles of both sexes will consume soil.
Animals that consume soil will have high parasite loads.
Consumed soil will be high in clay.
Older and sick animals will consume more soil.
Animals that consume soil will have frequent diarrhea.
Consumed soil will be high in clay.
Animals may consume soil after consuming foods high in
tannins or toxins, or if they have high parasite loads.
Consumed soil will be high in minerals and other food items
will be lower in minerals.
Pregnant and lactating females, as well as juveniles, will
consume soil more frequently than males and non-pregnant
and non-lactating females.

Supported?
No
No
No
Yes
No
Inconclusive
Inconclusive
Yes
No
Yes
Inconclusive
Yes
No
Inconclusive
No
No
Inconclusive
No
Inconclusive
Inconclusive
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Soil Consumption

Geophagy was once thought to be a highly unusual practice among primates. Only with
the increase in the number of long-term studies of habituated has its commonality become known
(Krishnamani and Mahaney 2000; Ferrari et al. 2008). The fact that these study animals
frequently consumed herbaceous material on the forest floor in close proximity to observers
early on in the study suggests that the wariness of focal animals did not affect these results.
Low visibility during E. fulvus night follows could have led to observational bias. Time
of day feeding preferences on specific food items were not assessed, but the fact that geophagy
frequencies varied across study periods despite consistent observational methods suggests that
this is an unlikely source of error. However, a 24-hr study of Eulemur collaris in southeastern
Madagascar suggested that cathemeral Eulemur fed more at night from March-August and
during the day from December-February (Donati et al. 2007). If this is the case for E. fulvus, then
different feeding patterns may have been missed during the June-August study period when 24hr follows did not occur. For P. diadema, focal animals were seldom out of sight, making it
unlikely that bouts of geophagy were missed throughout the day. Geophagy was observed within
the first week of observations, making it highly unlikely that observer presence had any impact
on whether or not animals were willing to come to the ground to feed on soil.
Clays and organic matter are the two most reactive soil fractions that give soil its
medicinal properties (Saether and Caritat 1997; Young et al. 2011). Consumed soils were very
high in sand (>43%) and low in clay (<43%), though particle size varies greatly across primate
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geophagy studies (Mahaney et al. 1995a; Mahaney et al. 1995b; Wakibara et al. 2001; Mahaney
et al. 2005). Soils consumed by mountain gorillas (Gorilla g. beringei) in the Virunga Mountains
(Mahaney et al. 1990), macaques (Macaca mulatta) at Cayo Santiago (Mahaney et al. 1995),
chimpanzees (Pan troglodytes) in Kibale Forest, Uganda (Mahaney et al. 1997) all contained
>50% clay. A study on snowshoe hares found that soils containing only 4.8% clay (likely the
active compound) were still effective at neutralizing PSMs (Worker et al. 2015). The
concentration of organic carbon in consumed soils was higher than in soils consumed by other
primates (Davies and Baillie 1988; Bolton et al. 1998; but see de Souza et al. 2002). Organic
carbon values were consisted with those obtained from studies of nearby areas, however
(Johnson 2002).

Antacid Function

If soils act as an antacid in the gastrointestinal (GI) tract, then animals should consume
soil more frequently when the diet contains more acidic or acid-producing compounds, such as
fruit and fiber. Most studies attributing geophagy to an antacid function are related to colobines
that harbor symbiotic bacteria in the forestomach that are critical to maintaining regular digestion
(Poirier 1970; Oates 1978; Davies and Baillie 1988; but see Bolton et al. 1998). Setz et al. (1999)
did not even consider the antacid hypothesis for golden-faced saki monkeys due to this
physiological difference and the fact that the pH of consumed soils was low.
Fruits consumed by E. fulvus may considerably increase the acidity of the GI tract.
Propithecus diadema may also experience increased gut acidity through increased fruit
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consumption. Time window analyses for E. fulvus did not show a significant increase in fruits
prior to consuming soil. There was also no significant increase in fruit or foliage consumption
prior to P. diadema geophagy events.
Increased fiber consumption could increase acid production through symbiotic bacteria
that convert fiber into short-chain fatty acids in the enlarged hindgut of P. diadema (Lambert
1998; Campbell 2000). However, most time window analyses for fiber consumption suggested
that there was no difference in fiber intake between “all feeding” and “before soil” windows.
When fiber values did differ significantly between windows, average fiber intake was typically
higher for “all feeding” windows than for “before soil” windows.
Consumed soils should have relatively high pH values to neutralize any acid buildup. As
is typical of tropical soils, including those sampled elsewhere in the region (Johnson 2002), soils
consumed by E. fulvus and P. diadema were very acidic. Thus, the soil properties themselves are
not conducive to acting as an acid buffer, even if the animals did experience acidification. It is
therefore unlikely that these two lemurs consume soil as an antacid.

Plant Secondary Metabolite (PSM) Neutralization

Seeds and leaves, parts crucial for plant growth and reproduction, were expected to be
highest in PSMs and thus avoided by both lemur species. If soils neutralize PSMs, it was
expected that seeds and leaves would be consumed more in “before soil” time windows than “all
feeding.” Eulemur fulvus avoided seeds altogether, but did consume soil when leaves made up a
high percentage of the feeding time for a given time window. Propithecus diadema did not
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exhibit any difference in time spent feeding on any plant part between “all feeding” and “before
soil” time windows.
Contrary to expectations, buds/flowers had higher tannin indices than seeds, fruits, and
young and mature leaves. Seeds, fruits, and young and mature leaves did not have significantly
different tannin indices. Bud/flower consumption did not differ significantly between E. fulvus
and P. diadema, and both species spent significantly less time consuming these items during
October-November than during June-August. However, soil consumption increased during
October-November for both species. It is possible that specific compounds that can be
neutralized by soils were masked in the analyses, as the acid-butanol assay indicates the presence
of any number of proanthocyanidins, not just tannins (Waterman and Mole 1994; Marsh et al.
2006; Rothman et al. 2009). Soils may also interact with tannins in a complex manner to impact
other aspects of the diet (Worker et al 2015).
Time window analyses of tannin consumption also did not lend support to the hypothesis
that the lemurs consumed soils to neutralize tannins. At best, P. diadema time windows showed
mixed results between the two time periods for the 12-hour windows. At worst, E. fulvus time
windows showed the opposite -- tannin intake was lower in the hours preceding soil consumption
than during “all feeding” windows. However, the E. fulvus time windows should be interpreted
with caution. Although all t-test comparisons were calculated from a large bootstrapped sample
(n = 10000), the overall bootstrap was generated using a limited number of samples (n = 9).
Original sample sizes for the June-August and October-November study periods were even more
limited (n1 = 2 and n2 = 5). Therefore, no conclusions should be made from E. fulvus time
window analyses alone. Furthermore, studies have demonstrated that clays in soils consumed by
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some primates have some capacity to adsorb tannins (Setz et al. 1999; Wakibara et al. 2001).
Toxin time window analyses did suggest that soil consumption was related to toxin
consumption. Toxin consumption was significantly higher in “before soil” windows for E. fulvus
one- and six-hour windows during June-August and for P. diadema 12- and 30-hour windows
during the combined and June-August study periods, respectively. For all but one time window,
there was a trend for toxin consumption to be higher for “before soil” than “all feeding”
windows, though the difference was not significant. Other studies of P. diadema found that they
consumed significant amounts of alkaloids, while sympatric Indri indri diets were nearly devoid
of alkaloids (Powzyk and Mowry 2003). Though the relationship between alkaloids and soil
consumption were not directly tested, P. diadema consumed soil twice as often as Indri indri.
Furthermore, in vivo studies conducted on parrots found that soils reduced the bioavailability of
specific alkaloids by 60% (Gilardi et al. 1999).
Compared to other studies of primate geophagy that cited PSM neutralization, the clay
content of soils consumed by E. fulvus and P. diadema appears low. Chimpanzees in Kibale
Forest, Uganda, preferred soils comprised of 39-91% clay (Mahaney et al. 2005) and rhesus
macaques on Cayo Santiago preferred soils made of 52-88% clay (Mahaney et al. 1995).
However, soils consumed by Japanese macaques with 4-16% clay fractions had a high affinity to
bind to alkaloids (80-100%) and tannins (32-58%; Wakibara et al. 2001).
Primates already employ a variety of tactics to combat specific chemical compounds in
their food items (Freeland and Janzen 1974; Marsh et al. 2006). These include avoidance of the
most harmful plant parts; modification of compounds in the gut via microorganisms, stomach
acid, or endogenous compounds; absorption in the gut for breakdown by chemicals in the liver;
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and excretion through feces (Marsh et al. 2006). Geophagy may provide an additional line of
defense against PSMs.

Parasite Reduction

If clays are being consumed to mitigate parasite infections, one would expect animals
with high parasite loads to consume more soil. Despite a high level of parasite infections (89%),
rhesus macaques (Macaca mulatta) free-ranging on Cayo Santiago had high reproductive rates
(82.6%) and low mortality rates (6.23%; Knezevich 1998). Homeostasis in the macaques was
likely achieved by the consumption of soils rich in clay minerals similar to common
pharmaceuticals used to treat diarrhea and intestinal upsets (Vermeer and Ferrell 1985;
Knezevich 1998).
Parasite richness was significantly higher for sampled E. fulvus adult males and juveniles
than adult females. Sampled adult males and juveniles also had higher egg densities than adult
females. Sample sizes were small, but it did not appear that E. fulvus adult males or juveniles
consumed soil any more frequently than adult females. This is contrary to the predictions of the
parasite reduction hypothesis.
Parasite richness and prevalence were similar and low across sampled age and sex classes
as well as season for P. diadema. Geophagy frequency was also similar across these variables.
Contrary to what would be expected if these two species were consuming soil to alleviate
endoparasite infections, P. diadema consumed soil significantly more frequently than E. fulvus
(P = 0.031). However, it is possible that infections by protozoans or other species of parasites, or
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even viruses, that were too small to be detected in this study necessitated geophagy (Young et al.
2011). Therefore, it is not possible to dismiss this hypothesis completely.
One study of chacma baboons (Papio hamadryas ursinus) found that geophagy increased
the opportunity for parasite transmission risk (Pebsworth et al. 2012). Studies of humans also
support the opportunity for this negative consequence of geophagy (Bisi-Johnson 2013). Because
P. diadema consumed soil more frequently than E. fulvus yet have lower parasite richness and
egg densities, it is unlikely that geophagy increased the risk of parasite transmission in these
species.

Diarrhea Alleviation

Diarrhea was never observed during either study period, though at least one instance of
dry retching was observed for each species. Despite this, P. diadema often consumed soil
throughout both study periods, and E. fulvus increased its frequency of soil consumption between
seasonal study periods. Studies of both mountain gorillas (Gorilla g. berengei) and Macaca
mulatta noted bouts of diarrhea during behavioral observations. Mahaney (1993) and Mahaney et
al. (1995) suggested that plant toxins were the ultimate cause for the gorilla’s diarrhea.
Knezevich (1998) suggested that endoparasites were the ultimate cause for minor diarrhea
observed in the macaques. Clay minerals in consumed soils likely mediated the incidences of
diarrhea for both cases. The lack of observed diarrhea in either lemur species makes it highly
unlikely that these lemurs consume soil to alleviate diarrhea.
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Mineral Supplementation Hypothesis

Mineral supplementation remains the most common explanation in the literature for
primate geophagy (Krishnamani and Mahaney 2000). Mineral acquisition may play a significant
role in food selection for some primates, but little is known about the micronutrient contents of
wild primate foods (Milton 2003; Rode et al. 2003; Felton et al. 2009). No significant differences
were found in the mineral content of E. fulvus and P. diadema foods. Despite this nutritional
similarity, P. diadema showed a trend toward consuming soil more frequently than E. fulvus.
While high fiber foods, such as leaves, may negatively impact the bioavailability of minerals
(Harland 1989; Milton 2003), nutritional analyses also showed no significant difference in all
three measures of fiber (ADF, NDF, and lignin) between foods consumed by each species.
Calcium, phosphorous, and potassium concentrations were all higher for plant parts than
consumed soils. Therefore, these elements, critical to primate bone growth and strength
(Chapman et al. 2012), are unlikely to be the motivation for geophagy. Soil may provide a
reliable mineral supplement should PSMs protect mineral rich plants from heavy predation. The
potential for soil to supply these minerals is impossible to dismiss with these data alone.
Many studies have noted the paucity of iron and sodium in plant materials (Rode et al.
2003; Chapman et al. 2012). Supplementation of these minerals by soil is often suggested
(Mahaney et al. 1990; Mahaney 1993; Blake et al. 2010). While several frequently consumed
plant parts had higher sodium percentages than soil, iron concentration was significantly higher
in soils than in plant parts. However, despite soils consumed by chacma baboons (Papio
hamadryas ursinus) being high in total iron, only 0.40-1.94% of the iron was bioavailable
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(Pebsworth et al. 2013). High mineral levels in soil can be misleading, as primates may not be
able to use it. At the same time, if only 0.4% of the iron from analyzed soils were available to
these lemurs, iron availability from soil would range from 109 to 185 ppm. Since crude iron
availability in analyzed plants raged from 27-454 ppm, soil may still act as a viable source of
iron, though not significantly more so than other food items.
Unfortunately, only one female E. fulvus gave birth to an infant during this study (born
between August and October). No P. diadema gave birth during (or in the months immediately
following) this study and none were lactating, making it impossible to test the effects of
pregnancy and lactation on geophagy rates. Additionally, further tests of the bioavailability of
minerals in both foliage and soils consumed by these primates are needed. Without these
elements it is not possible to rule out the mineral supplementation hypothesis.

Future Study Directions and Recommendations

Future studies should experimentally test the ability of consumed soils to absorb tannins.
Several studies have already tested the absorptive properties of soils in simulated gastric
environments (Gilardi et al. 1999; Dominy 2004; Klein et al. 2008). This remains a challenge
due to our limited knowledge of the conditions to which soils are exposed in the gut. Studies
should also investigate the direct effects of soil consumption on parasites in captive animals.
Animals could be isolated and taken off of their anti-parasite medications and provided the
option of consuming soil. Should these results prove promising, actions could be taken to isolate
the active soil properties driving parasite mitigation.
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Finally, the bioavailability of minerals in soils as well as plant foods needs to be
determined. Most studies simply test the presence or absence of minerals in food items (Oates
1978; Davies and Baillie 1988; Mahaney et al. 1996), which several authors have demonstrated
can lead to false interpretations (Wakibara et al. 2001; Young et al. 2011; Pebsworth et al. 2013).
Sampling soils not consumed by primates, or those specifically selected against (i.e. soil horizons
above and below those consumed) provides valuable opportunities for further hypothesis testing
(Mahaney and Krishnamani 2003). Other avenues of research should also be pursued, as several
additional hypotheses to explain the function of geophagy have been proposed: behavioral
tradition, tactile and/or olfactory stimulation, or use as a famine food (Krishnamani and Mahaney
2000). Rather than act as a vector for parasite infection (Pebsworth et al. 2012), soils may act as
a pro-biotic, enriching the diversity of symbiotic microorganisms in the gut (Bisi-Johnson et al.
2013).

CHAPTER 6
CONCLUSION

While geophagy has been widely studied in anthropoids (Krishnamani and Mahaney
2000; Ferrari et al. 2008), few studies have investigated the function of Prosimian geophagy (but
see Baden et al. 2005; Norscia et al. 2005; Semel et al. 2014). While both E. fulvus and P.
diadema have been known to consume soils, this is the first study to investigate the possible
nutritional effects of soil on the diet. Data suggest that these lemurs do not consume soil as an
antacid, to neutralize tannins, or to alleviate diarrhea. It is more likely that consumed soils
neutralize toxins, mitigate the effects of parasites, or supplement minerals in the diet. These
hypotheses are not necessarily mutually exclusive. Further testing is needed to provide more
definitive results.
Determining the function of geophagy is important both academically and practically.
How plant secondary metabolites, parasites, and mineral intake affect primate feeding strategies
and health are still poorly understood (Rode et al. 2003; Gillespie 2006; Marsh et al. 2006;
Chapman et al. 2012). In captive settings, most primates cannot engage in geophagy and may
require additional provisioning to meet physiological needs not currently met by standard
primate diets. Folivorous primates are especially difficult to keep in captivity due to the
challenges they face in maintaining symbiotic micro-fauna in their specialized guts that enable
them to digest their food (Crissey and Pribyl 1997), severely limiting the potential for captive
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conservation efforts. Future studies should test the ability of soils to neutralize tannins. In vitro
studies would demonstrate the ability of soil to mitigate enteric parasites. The bioavailability of
micronutrients in soils should also be tested.

REFERENCES

Altmann, J. 1974. “Observational Study of Behavior: Sampling Methods.” Behaviour, 227–67.
Baden, A. L., S. J. Arrigo-Nelson, and P. C. Wright. 2005. “Mmmm...dirt: Implications for
Geophagy by the Milne-Edwards’ Sifaka (Propithecus edwardsi) at Ranomafana
National Park, Madagascar.” American Journal of Physical Anthropology 126 (Supp 40):
68.
Bauchop, T. and R. W. Martucci. 1968. “Ruminant-like Digestion of the Langur Monkey.”
Science 161 (3842): 698–700.
Bisi-Johnson, M. A., C. L. Obi, and G. E. Ekosse. 2013. “Microbiological and Health Related
Perspectives of Geophagia: An Overview.” African Journal of Biotechnology 9 (36).
Black, A. and M. A. Lane. 2002. “Nonhuman Primate Models of Skeletal and Reproductive
Aging.” Gerontology 48: 722–80.
Blake, J. G., J. Guerra, D. Mosquera, R. Torres, B. A. Loiselle, and D. Romo. 2010. “Use of
Mineral Licks by White-Bellied Spider Monkeys (Ateles belzebuth) and Red Howler
Monkeys (Alouatta seniculus) in Eastern Ecuador.” International Journal of Primatology
31 (3): 471–83.
Bolton, K. A., V. M. Campbell, and F. D. Burton. 1998. “Chemical Analysis of Soils of
Kowloon (Hong Kong) Eaten by Hybrid Macaques.” Journal of Chemical Ecology 24
(2): 195–205.
Buss, D. H. and R. W. Cooper. 1970. “Composition of Milk from Talapoin Monkeys.” Folia
Primatologica 13: 196–206.

79
Campbell, J. L. 2000. “Description of the Gastrointestinal Tract of Five Lemur Species:
Propithecus tattersalli, Propithecus verreauxi coquereli, Varecia variegata, Hapalemur
griseus, and Lemur catta.” American Journal of Primatology 52: 133–42.
Campbell, J. L., C. V. Williams, and J. H. Eisemann. 2004. “Characterizing Gastrointestinal
Transit Time in Four Lemur Species Using Barium-Impregnated Polyethylene Spheres
(BIPS).” American Journal of Primatology 64 (3): 309–21.
Chapman, C. A., J. M. Rothman, and J. E. Lambert. 2012. “Food as a Selective Force in
Primates.” In The Evolution of Primate Societies, edited by J. Asaumi, J. Call, P. M.
Kappeler, R. Palombit, and J. Silk, 149–68. Chicago: Chicago University Press.
Chaves, O. M., K. E. Stoner, S. Ángeles-Campos, and V. Arroyo-Rodríguez. 2011. “Wood
Consumption by Geoffroyi’s Spider Monkeys and Its Role in Mineral Supplementation.”
Edited by Roscoe Stanyon. PLoS ONE 6 (9): e25070.
Chivers, D. J. 1994. “Functional Anatomy of the Gastrointestinal Tract.” In Colobine Monkeys:
Their Ecology, Behaviour, and Evolution, edited by A. G. Davies and J. F. Oates, 205–
27. Cambridge: Cambridge University Press.
Crissey, S. D. and L. S. Pribyl. 1997. “Utilizing Wild Foraging Ecology Information to Provide
Captive Primates with an Appropriate Diet.” Proceedings of the Nutrition Society 56
(03): 1083–94.
Davies, A. G. and I. C. Baillie. 1988. “Soil-Eating by Red Leaf Monkeys (Presbytis rubicunda)
in Sabah, Northern Borneo.” Biotropica 20 (3): 252–58.
DeGabriel, J. L., B. D. Moore, W. J. Foley, and C. N. Johnson. 2009. “The Effects of Plant
Defensive Chemistry on Nutrient Availability Predict Reproductive Success in a
Mammal.” Ecology 90 (3): 711–19.
De Souza, L. L., S. F. Ferrari, M. L. da Costa, and D. C. Kern. 2002. “Geophagy as a Correlate
of Folivory in Red-Handed Howler Monkeys (Alouatta belzebul) from Eastern Brazilian
Amazonia.” Journal of Chemical Ecology 28 (8): 1613–21.

80
Dib, L. R. T., A. S. Oliva, and K. B. Strier. 2001. “Geophagy in Muriquis (Brachyteles
arachnoides hypoxanthus): First Reports.” Revista de Etologia 3 (1): 67–73.
Dominy, N. J. 2004. “Adaptive Function of Soil Consumption: An in Vitro Study Modeling the
Human Stomach and Small Intestine.” Journal of Experimental Biology 207 (2): 319–24.
Donati, G., A. Bollen, S. M. Borgognini-Tarli, and J. U. Ganzhorn. 2007. “Feeding over the 24H Cycle: Dietary Flexibility of Cathemeral Collared Lemurs (Eulemur collaris).”
Behavioral Ecology and Sociobiology 61 (8): 1237–51.
Feeny, P. 1992. “The Evolution of Chemical Ecology: Contributions from the Study of
Herbivorous Insects.” In Herbivores: Their Interactions with Secondary Plant
Metabolites, edited by GA Rosenthal and MR Berenbaum, 2nd ed., II: Ecological and
evolutionary processes:1–44. NY: Academic Press.
Felton, A. M., A. Felton, D. B. Lindenmayer, and W. J. Foley. 2009. “Nutritional Goals of Wild
Primates.” Functional Ecology 23 (1): 70–78.
Ferrari, S. F., L. M. Veiga, and B. Urbani. 2008. “Geophagy in New World Monkeys
(Platyrrhini): Ecological and Geographic Patterns.” Folia Primatologica 79 (5): 402–15.
Freeland, W. J. and D. H. Janzen. 1974. “Strategies in Herbivory by Mammals: The Role of
Plant Secondary Compounds.” The American Naturalist 108: 269–89.
Gilardi, J. D., S. S. Duffey, C. A. Munn, and L. A. Tell. 1999. “Biochemical Functions of
Geophagy in Parrots: Detoxification of Dietary Toxins and Cytoprotective Effects.”
Journal of Chemical Ecology 25 (4): 897–922.
Gillespie, T. R. 2006. “Noninvasive Assessment of Gastrointestinal Parasite Infections in FreeRanging Primates.” International Journal of Primatology 27 (4): 1129–43.
Harland, B. F. 1989. “Dietary Fibre and Mineral Bioavailability.” Nutrition Research Reviews 2:
133–47.

81
Hemingway, C. A. and N. Bynum. 2005. “The Influence of Seasonality on Primate Diet and
Ranging.” In Seasonality in Primates: Studies of Living and Extinct Human and NonHuman Primates, edited by D. K. Brockman and C. P. van Schaik, 57–104. Cambridge:
Cambridge University Press.
Heymann, E. W. and G. Hartmann. 1991. “Geophagy in Moustached Tamarins, Saguinus
Mystax (platyrrhini: Callitrichidae), at the Río Blanco, Peruvian Amazonia.” Primates 32
(4): 533–37.
Hilton, G. 1987. “Nutrient Cycling in Tropical Rainforests: Implications for Management and
Sustained Yield.” Forest Ecology and Management 22: 297–300.
Irwin, M. T. 2006. “Ecological Impacts of Forest Fragmentation on Diademed Sifakas
(Propithecus diadema) at Tsinjoarivo, Eastern Madagascar: Implications for
Conservation in Fragmented Landscapes.” Ph.D., Stony Brook, NY: Stony Brook.
Irwin, M. T. 2008a. “Feeding Ecology of Propithecus diadema in Forest Fragments and
Continuous Forest.” International Journal of Primatology 29 (1): 95–115.
Irwin, M. T. 2008b. “Diademed Sifaka (Propithecus diadema) Ranging and Habitat Use in
Continuous and Fragmented Forest: Higher Density but Lower Viability in Fragments?:
Forest Fragmentation and Ranging in Sifakas.” Biotropica 40 (2): 231–40.
Irwin, M. T., R. E. Junge, J.-L. Raharison, and K. E. Samonds. 2010. “Variation in Physiological
Health of Diademed Sifakas across Intact and Fragmented Forest at Tsinjoarivo, Eastern
Madagascar.” American Journal of Primatology 72 (11): 1013–25.
Irwin, M. T., J.-L. Raharison, D. Raubenheimer, C. A. Chapman, and J. M. Rothman. 2014.
“Nutritional Correlates of the ‘lean Season’: Effects of Seasonality and Frugivory on the
Nutritional Ecology of Diademed Sifakas: Nutritional Seasonality in Wild Lemurs.”
American Journal of Physical Anthropology, 78–91.
Johnson, B. K. 2002. “Soil Characterization and Reconnaissance Survey of the Ranomafana
National Park Area, Southeastern Madagascar.” Ph.D., NC: North Carolina State
University.

82
Kay, R. N. B. and A. G. Davies. 1994. “Digestive Physiology.” In Colobine Monkeys: Their
Ecology, Behaviour, and Evolution, edited by A. G. Davies and J. F. Oates, 229–49.
Cambridge: Cambridge University Press.
Keen, C. L., L. A. Hanna, L. Lanoue, J. Y. Uriu-Adams, R. B. Rucker, and M. S. Clegg. 2003.
“Developmental Consequences of Trace Mineral Deficiencies in Rodents: Acute and
Long-Term Effects.” The Journal of Nutrition 133 (5): 1477S – 1480S.
Kilmer, V. J. and L. T. Alexander. 1949. “Methods of Making Mechanical Analysis of Soils.”
Soil Science 68: 15–24.
Klaus, G. and B. Schmid. 1998. “Geophagy at Natural Licks and Mammal Ecology: A Review.”
Mammalia 62 (4): 481–97.
Klein, N., F. Fröhlich, and S. Krief. 2008. “Geophagy: Soil Consumption Enhances the
Bioactivities of Plants Eaten by Chimpanzees.” Naturwissenschaften 95 (4): 325–31.
Knezevich, M. 1998. “Geophagy as a Therapeutic Mediator of Endoparasitism in a Free-Ranging
Group of Rhesus Macaques (Macaca mulatta).” American Journal of Primatology 44:
71–82.
Krishnamani, R. 1994. “Diet Composition of the Bonnet Macaque (Macaca radiata) in a
Tropical Dry Evergreen Forest of Southern India.” Tropical Biodiversity 2 (2): 285–302.
Krishnamani, R. and W. C. Mahaney. 2000. “Geophagy among Primates: Adaptive Significance
and Ecological Consequences.” Animal Behaviour 59 (5): 899–915.
Lambert, J. E. 1998. “Primate Digestion: Interactions among Anatomy, Physiology, and Feeding
Ecology.” Evolutionary Anthropology, 8–20.
Lambert, J. E. 2002. “Digestive Retention Times in Forest Guenons (Cercopithecus spp.) with
Reference to Chimpanzees (Pan troglodytes).” International Journal of Primatology 23
(6): 1169–85.

83
Lambert, J. E. 2011. “Primate Nutritional Ecology: Feeding Biology and Diet at Ecological and
Evolutionary Scales.” In Primates in Perspective, edited by C.J. Campbell, A. Fuentes,
K.C. MacKinnon, S.K. Bearder, and R.M. Stumpf, 2nd ed., 512–22. New York: Oxford
University Press.
Lees, C. J., C. P. Jerome, T. C. Register, and C. S. Carlson. 1998. “Changes in Bone Mass and
Bone Biomarkers of Cynomolgus Monkeys during Pregnancy and Lactation 1.” The
Journal of Clinical Endocrinology & Metabolism 83 (12): 4298–4302.
Link, A., N. Galvis, E. Fleming, and A. Di Fiore. 2011. “Patterns of Mineral Lick Visitation by
Spider Monkeys and Howler Monkeys in Amazonia: Are Licks Perceived as Risky
Areas?” American Journal of Primatology 73 (4): 386–96.
Mahaney, W. C., M. W. Milner, and K. Sanmugadas. 1997. “Analysis of Geophagy Soils in
Kibale Forest, Uganda.” Primates 38 (2): 159–76.
Mahaney, W. C. 1993. “Scanning Electron Microscopy of Earth Mined and Eaten by Mountain
Gorillas in the Virunga Mountains, Rwanda.” Primates 34 (3): 311–19.
Mahaney, W. C., S. Aufreiter, and R. G. V. Hancock. 1995. “Mountain Gorilla Geophagy: A
Possible Seasonal Behavior for Dealing with the Effects of Dietary Changes.”
International Journal of Primatology 16 (3): 475–88.
Mahaney, W. C., R. G. V. Hancock, S. Aufreiter, and M. A. Huffman. 1996. “Geochemistry and
Clay Mineralogy of Termite Mound Soil and the Role of Geophagy in Chimpanzees of
the Mahale Mountains, Tanzania.” Primates 37 (2): 121–34.
Mahaney, W. C. and R. Krishnamani. 2003. “Understanding Geophagy in Animals: Standard
Procedures for Sampling Soils.” Journal of Chemical Ecology 29 (7): 1503–23.
Mahaney, W. C., M. W. Milner, S. Aufreiter, R. G. V. Hancock, R. Wrangham, and S.
Campbell. 2005. “Soils Consumed by Chimpanzees of the Kanyawara Community in the
Kibale Forest, Uganda.” International Journal of Primatology 26 (6): 1375–98.

84
Mahaney, W. C., A. Stambolic, M. Knezevich, R. G. V. Hancock, S. Aufreiter, K. Sanmugadas,
M. J. Kessler, and M. D. Grynpas. 1995. “Geophagy amongst Rhesus Macaques on Cayo
Santiago, Puerto Rico.” Primates 36 (3): 323–33.
Mahaney, W. C., D. P. Watts, and R. G. V. Hancock. 1990. “Geophagia by Mountain Gorillas
(Gorilla gorilla beringei) in the Virunga Mountains, Rwanda.” Primates 31 (1): 113–20.
Marsh, K. J., I. R. Wallis, R. L. Andrew, and W. J. Foley. 2006. “The Detoxification Limitation
Hypothesis: Where Did It Come From and Where Is It Going?” Journal of Chemical
Ecology 32 (6): 1247–66.
Meyer, B. N., N. R. Ferrigni, J. E. Putnam, L. B. Jacobsen, D. E. Nichols, and J. L. McLaughlin.
1982. “Brine Shrimp, a Convenient General Bioassay for Active Plant Constituents.”
Journal of Medicinal Plant Research 45: 31–34.
Milton, K. 1999. “Nutritional Characteristics of Wild Primate Foods: Do the Diets of Our
Closest Living Relatives Have Lessons for Us?” Nutrition 15 (6): 488–98.
Milton, K. 2003. “Micronutrient Intakes of Wild Primates: Are Humans Different?”
Comparative Biochemistry and Physiology- Part A: Molecular and Integrative
Physiology 136: 47–59.
Mittermeier, R. A., E. E. Louis Jr., M. Richardson, C. Schwitzer, O. Langrand, A. B. Rylands, F.
Hawkins, S. Rajaobelina, J. Ratsimbazafy, R. Rasoloarison, C. Roos, P. M. Kappeler, and
J. Mackinnon. 2010. Lemurs of Madagascar. Third Edition. Virginia: Conservation
International.
National Research Council. 2003. Nutrient Requirements of Nonhuman Primates: Second
Revised Edition. Washington DC: The National Academies Press.
Norscia, I., V. Carrai, B. Ceccanti, and S. M. B. Tarli. 2005. “Termite Soil Eating in Kirindy
Sifakas (Madagascar): Proposing a New Proximate Factor.” Folia Primatologica 76 (2):
119–22.

85
Nunn, C. L. and S. M. Altizer. 2005. “The Global Mammal Parasite Database: An Online
Resource for Infectious Disease Records in Wild Primates.” Evolutionary Anthropology:
Issues, News, and Reviews 14 (1): 1–2.
Oates, J. F. 1978. “Water-Plant and Soil Consumption by Guereza Monkeys (Colobus guereza):
A Relationship with Minerals and Toxins in the Diet?” Biotropica 10 (4): 241–53.
Overdorff, D. J. and S. Johnson. 2003. “Eulemur, True Lemurs.” In The Natural History of
Madagascar, edited by S. M. Goodman and J. P. Benstead, 1320–24. Chicago:
University of Chicago Press.
Pebsworth, P. A., C.E. Archer, C.C. Appleton, and M. A. Huffman. 2012. “Parasite
Transmission Risk From Geophagic and Foraging Behavior in Chacma Baboons.”
American Journal of Primatology 74: 940–47.
Pebsworth, P. A., G. L. Seim, M. A. Huffman, R. P. Glahn, E. Tako, and S. L. Young. 2013.
“Soil Consumed by Chacma Baboons Is Low in Bioavailable Iron and High in Clay.”
Journal of Chemical Ecology 39 (3): 447–49.
Poirier, F. E. 1970. “The Nilgiri Langur (Presbytis johnii) of South India.” In Primate Behavior:
Developments in Field and Laboratory Research, edited by L. A. Rosenblum, 1:251–383.
New York: Academic Press.
Power, M. L., S. D. Tardif, D. G. Layne, and J. Schulkin. 1999. “Ingestion of Calcium Solutions
by Common Marmosets (Callithrix jacchus).” American Journal of Primatology 47:
255–61.
Powzyk, J.A. 1998. “The Socio-Ecology of Two Sympatric Indriids, Propithecus diadema
diadema and Indri indri: A Comparison of Feeding Strategies and Their Possible
Repercussions on Species Specific Behaviors.” Durham, NC: Duke University.
Powzyk, J. A. and C. B. Mowry. 2003. “Dietary and Feeding Differences between Sympatric
Propithecus diadema diadema and Indri indri.” International Journal of Primatology 24
(6): 1143–62.
Prins, R. A. 1977. “Biochemical Activities of Gut Micro-Organisms.” In Microbial Ecology of
the Gut, edited by R. T. I. Clarke and T. Bauchop, 223–50. New York: Academic Press.

86
Rasmussen, M. A. 1999. “Ecological Influences on the Activity Cycle in Two Cathemeral
Primates: The Mongoose Lemur (Eulemur mongoz) and the Common Brown Lemur
(Eulemur fulvus fulvus).” Ph.D., NC: Duke University.
Ratsirarson, J. and J. Ranaivonasy. 2002. “Ecologie Des Lémuriens Dans La Forêt Litorale de
Tampolo.” Lemur News 7: 26–30.
Rode, K. D., C. A. Chapman, L. J. Chapman, and L. R. McDowell. 2003. “Mineral Resource
Availability and Consumption by Colobus in Kibale National Park, Uganda.”
International Journal of Primatology 24 (3): 541–73.
Rogers, M. E., F. Maisels, E. A. Williamson, M. Fernandez, and C. E. G. Tutin. 1990.
“International Association for Ecology.” Oecologia 84 (3): 326–39.
Rothman, J. M., C. A. Chapman, and P. J. Van Soest. 2012. “Methods in Primate Nutritional
Ecology: A User’s Guide.” International Journal of Primatology 33 (3): 542–66.
Rothman, J. M., K. Dusinberre, and A. N. Pell. 2009. “Condensed Tannins in the Diets of
Primates: A Matter of Methods?” American Journal of Primatology 71 (1): 70–76.
Rowe, N. and M. Myers, eds. 2015. All the World’s Primates. <www.alltheworldsprimates.org>
(Primate Conservation Inc.): Charlestown RI.
Saether, O. M. and P. de Caritat. 1997. Geochemical Processes, Weathering, and Groundwater
Recharge in Catchments. Rotterdam (The Netherlands): Balkema.
Schoener, T. W. 1970. “Nonsynchronous Spatial Overlap of Lizards in Patchy Habitats.”
Ecology 51: 408–18.
Semel, B. P., M. T. Irwin, J.-L. Raharison, C. A. Chapman, and J. M. Rothman. 2014. “More
Fiber Means More Dirt? The Role of Geophagy in Diademed Sifakas.” American Journal
of Physical Anthropology 153 (Supp 58): 236.

87
Setz, E. Z. F., J. Enzweiler, V. N. Solferini, M. P. Amêndola, and R. S. Berton. 1999. “Geophagy
in the Golden-Faced Saki Monkey (Pithecia pithecia chrysocephala) in the Central
Amazon.” Journal of Zoology 247 (1): 91–103.
Shaankar, U. R., K. V. Ravishankar, and K. N. Ganeshaiah. 1997. “Why Do Plants Possess
Laxatives.” Current Science 73 (8): 646–47.
Simpson, E. H. 1949. “Measurement of Diversity.” Nature 163: 688.
Soil Survey Laboratory Methods Manual. 2004. Soil Survey Investigations 42, version 4.0.
Washington DC: U.S. Government.
Sokol, O. M. 1971. “Lithophagy and Geophagy in Reptiles.” Journal of Herpetology 5 (1/2): 69–
71.
Vermeer, D. E. and R. E. Jr Ferrell. 1985. “Nigerian Geophagical Clay: A Traditional
Antidiarrheal Pharmaceutical.” Science 227: 634–36.
Voros, J., W. C. Mahaney, M. W. Milner, R. Krishnamani, S. Aufreiter, and R. G. V. Hancock.
2001. “Geophagy by the Bonnet Macaques (Macaca radiata) of Southern India: A
Preliminary Analysis.” Primates 42 (4): 327–44.
Wakibara, J. V., M. A. Huffman, M. Wink, S. Reich, S. Aufreiter, R. G. V. Hancock, R. Sodhi,
W. C. Mahaney, and S. Russel. 2001. “The Adaptive Significance of Geophagy for
Japanese Macaques (Macaca fuscata) at Arashiyama, Japan.” International Journal of
Primatology 22 (3): 495–520.
Wallis, I. R., M. J. Edwards, H. Windley, A. K. Krockenberger, A. Felton, M. Quenzer, J. U.
Ganzhorn, and W. J. Foley. 2012. “Food for Folivores: Nutritional Explanations Linking
Diets to Population Density.” Oecologia 169 (2): 281–91.
Waterman, P. G. and S. Mole. 1994. Analysis of Phenolics Plant Metabolites. Oxford: Blackwell
Scientific.

88
WHO Scientific Working Group. 1980. “Parasite-Related Diarrhoeas.” Bulletin of the World
Health Organization 58 (6): 819–30.
Williamson, E. A. and A. T. C. Feistner. 2003. “Habituating Primates: Processes, Techniques,
Variables and Ethics.” In Field and Laboratory Methods in Primatology: A Practical
Guide, edited by J. M. Setchell and D. J. Curtis, 25–39. Cambridge: Cambridge
University Press.
Worker, S. B., K. Kielland, and P. S. Barboza. 2015. “Effects of Geophagy on Food Intake,
Body Mass, and Nutrient Dynamics of Snowshoe Hares (Lepus americanus).” Canadian
Journal of Zoology 93 (4): 323–29.
Young, S. L., P. W. Sherman, J. B. Lucks, and G. H. Pelto. 2011. “Why On Earth?: Evaluating
Hypotheses About The Physiological Functions Of Human Geophagy.” The Quarterly
Review of Biology 86 (2): 97–120.

APPENDIX A
NUTRITIONAL VALUES OF TOP FIVE CONSUMED FOOD ITEMS PER SPECIES PER
SEASON
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APPENDIX B
TANNIN ABSORBANCE VALUES

92

Plant
Hafibalo
Maimbovitsika
Nonoka
Tavolopika
Tongoalahy BL
Tongoalahy SL
Tongoalahy SL
Valotra
Velatra
Voamalambotaolahy
Maintipototra
Nonoka
Ramiavotoloho
Tavolomaladia
Voanananala
Tongoalahy SL
Fatsikahitra
Kimbaletaka
Tavolo
Vahimainty

Plant Part

Season

FL
YL
FSD
RF
YL
BD
YL
RF
YL
YL
YL
FSD
YL
RF
RF
YL
FSD
SD
RF
YL

JA
JA
JA
JA
JA
JA
JA
JA
JA
JA
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON

Absorbance Value
(550nm)
2.21
0.16
1.37
0.59
1.35
3.33
1.71
2.79
0.07
0.46
1.76
2.39
0.70
0.47
0.91
1.33
0.41
0.22
0.26
0.85

Index
Value
4
1
2
1
2
5
3
4
1
1
3
4
2
1
2
2
1
1
1
2

APPENDIX C
BRINE SHRIMP TOXICITY VALUES
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Species
Control
Hafibalo
Maimbovitsika
Nonoka
Tavolopika
Tongoalahy BL
Tongoalahy SL
Tongoalahy SL
Valotra
Velatra
Voamalambotaolahy
Maintipototra
Nonoka
Ramiavotoloho
Tavolomaladia
Voanananala
Tongoalahy SL
Fatsikahitra
Kimbaletaka
Tavolo
Vahimainty

Plant Part

Season

FL
YL
FSD
RF
YL
BD
YL
RF
YL
YL
YL
URFSD
YL
RF
RF
YL
FSD
SD
RF
YL

JA
JA
JA
JA
JA
JA
JA
JA
JA
JA
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON

Percent Mortality
10
100
1000
µg/mL µg/mL µg/mL
17
10
10
23
17
50
17
33
80
27
20
40
30
30
63
13
23
50
23
27
60
17
37
37
37
100
80
20
10
23
10
20
77
10
30
60
10
3
33
27
23
63
13
30
93
20
23
57
17
30
80
13
33
63
13
27
60

Index
1
5
1
5
3
4
1
5
1
5
4
1
5
5
4
5
5
4

